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ABSTRACT 
A d e t a i l e d  study of a pa r t i cu la r  type of t rave l ing  ionospheric 
disturbance (TID) has been carried out using columnar e lec t ron  content 
data,  This type of disturbance i s  characterized by an occurrence re- 
lated t o  the degree of geomagnetic a c t i v i t y ,  a high r a t e  of t r a v e l  (near 
500 m s ) from the  polar  regions toward the  equator, and the  retent ion 
of i ts  character  over distances of the  order of 1000 km. The pr inc ipa l  
purpose of the  present work i s  t o  present a d e t a i l e d  picture  of the 
morphology of these disturbances and t o  r e l a t e  the i r  behavior, i n  d e t a i l ,  
t o  a separate  pa t t e rn  of geophysical a c t i v i t y ,  namely, the occurrence 
of polar  substorms. 
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These disturbances exhib i t  a diurnal  var ia t ion  i n  t h e i r  d i rec t ion  
of a r r i v a l  a t  a m i d l a t i t u d e  observing s i t e  which can be explained i n  
t e r m s  of an average source loca t ion  f ixed  i n  loca l  dipole t i m e  and dipole 
l a t i t u d e  and which is  i n  the evening sec tor  of the auroral  oval. It  i s  
possible  t o  relate the  occurrence of these disturbances t o  t h e  occur- 
rence of polar substorms i n  an event-to-event, as  w e l l  as a s t a t i s t i c a l  
fashion. In  addi t ion,  it i s  possible  t o  determine the  locat ion of t he  
source of individual  disturbances,  and these pos i t ions  agree very w e l l  
with the average loca t ion  of the source. 
These disturbances are not general ly  observed t o  t r a v e l  across 
the equator e This lack of t r a n s  equator ia l  propagation is  explained 
on the  bas i s  of the high rate of damping of t he  disturbances i n  the  
neu t r a l  atmosphere which produce them. 
The subject  of the  source of the  disturbance is reviewed and the 
problem of experimentally studying its character  is discussed. It  i s  
suggested t h a t  any study of the physics of t he  source be d i r e c t e d  toward 
a c t i v i t y  i n  t h e  evening sec tor  of t h e  auroral  oval. A possible source 
related t o  the  westward t rave l ing  surges which are observed i n  auroras 
i s  discussed, 
In  addi t ion t o  the  study of the morphology of these T I D s ,  a 
t heo re t i ca l  study of the  ionospheric e f f e c t s  of the atmospheric d i s tur -  
bances which are thought t o  cause them i s  undertaken. The e f f e c t s  of 
iii SEL-70-051 
these disturbances on production and loss processes and diffusion are 
considered, 
height range 200 t o  600 km, Inclusion of the e f f e c t s  of perturbations 
i n  l o s s  and diffusion are shown t o  produce considerable changes i n  the 
per turbat ion i n  t h e  ion iza t ion  caused by i n t e rna l  atmospheric grav i ty  
waves. I n  pa r t i cu la r ,  t he  inclusion of the per turbat ion i n  diffusion 
r e s u l t s  i n  a la rge  depression of t he  perturbed e lec t ron  concentration 
a t  high leve ls .  The l imi t a t ions  i n  the  models used i n  the  calculat ions 
a re  discussed and stressed. The e f f e c t  of atmospheric grav i ty  waves on 
e lec t ron  content is also considered. 
Using various models, numerical r e s u l t s  are  obtained for the  
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CHAPTER I 
INTRODUCTION 
The fact  t h a t  the  ionosphere frequently exhib i t s  an i r r egu la r  
s t ruc ture  has been known a t  least since the la te  193OSs [Booker and 
Wells, 19381, I t  has since become evident t h a t  many i r r e g u l a r i t i e s  
move hor izonta l ly  over considerable distances [Beynon, 1948, Munro, 19481 
and the  expression "traveling ionospheric disturbance" (TID) i s  used t o  
describe t h i s  phenomenon. Extensive summaries of the ea r ly  work done 
i n  t h i s  f i e l d  have been given by Brown [1959]. 
I t  is  now apparent t h a t  various types of t ravel ing i r r e g u l a r i t i e s  
occur i n  the ionosphere. Georges [1968a] has demonstrated the  existence 
of several  d i s t i n c t  classes of na tu ra l ly  occurring TIDs; two of these 
have considerable dimensions but show qui te  d i f fe ren t  behavior. One 
group cons is t s  of la rge  scale (LS) ionospheric i r r e g u l a r i t i e s  which are  
characterized by speeds of some 500 m s , a d i rec t ion  of t r ave l  from 
north t o  south i n  the  northern hemisphere, l i t t l e  change i n  character 
over distances of 100 km or more, and occurrence related t o  the degree 
of geomagnetic ac t iv i ty .  Medium sca le  (MS) t rave l ing  disturbances con- 
s t i t u t e  a second category; t h e i r  speeds are  considerably slower, they 
are of much more local ized nature ,  show no apparent cor re la t ion  with 
geomagnetic a c t i v i t y  or any other geophysical phenomenon and usual ly  
consis t  of a few quasi-sinusoidal o sc i l l a t ions  with "periods" commonly 
near 15 t o  30 minutes, An addi t ional  type of disturbance which has 
la rge  dimensions is  t h a t  s t u d i e d  recent ly  by Titheridge [1969] i n  the 
southern hemisphere, These disturbances are only observed a t  night 
during loca l  summer and show no cor re la t ion  with geomagnetic ac t iv i ty .  
They are general ly  confined t o  the  topside ionosphere. 
-1 
Large scale i r r e g u l a r i t i e s  have been observed by various techniques, 
including spaced ionosondes [Munro -' 1950; Bowman, 19651, f ixed frequency 
backscatter [Valverde, 19581, measurements of the instantaneous frequency 
of spaced-path s t ab le  high-frequency transmissions [Chan and V i l l a r d ,  19621, 
incoherent backscatter [Thome -' 1964, 1968; Tesud a n d  Vasseur, 19691, 
and a network of CW doppler sounders [Georges, 1968a], The present inves- 
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t i g a t i o n  w a s  l i m i t e d  t o  la rge  sca le  TIDs; they w @ r e  studied by means of 
the s ignatures  which they leave i n  columnar e lec t ron  content records. 
This  work is divided i n t o  two par t s .  The first w i l l  deal w i t h  the 
cha rac t e r i s t i c s  of the  la rge  scale TIDs which have been observed using 
columnar e lec t ron  content measurements. Chapter I1 describes the experi- 
mental technique used and the  basic morphology of the TIDs. 
v e l o c i t i e s  of LS TIDs,  it is  shown i n  Chapter 11 t h a t  a model f o r  the  
loca t ion  of t h e i r  source can be constructed. Various fea tures  of LS TIDs 
s t rongly  suggest that the i r  source i s  related t o  polar substorms. Chapter 
111 presents a d e t a i l e d  subs tan t ia t ion  of t h a t  suggestion. I n  addition, 
it i s  shown t h a t  the  locat ion of the source of individual LS TIDs can be 
found and t h a t  it i s  i n  good agreement with the average source locat ion 
found i n  Chapter II. 
Using observed 
Although,superficially,  large scale TIDs of ten appear t o  be periodic 
phenomena, they are ac tua l ly  t r a i n s  composed of a number of individual ,  
o f ten  pulse-like,  disturbances. (However, on some occasions there 2s 
evidence t h a t  an individual TID may possibly be par t  of a damped osc i l -  
l a t i o n , )  The per iodic i ty  which i s  apparent i n  large sca le  TIDs  i s  caused 
by t h e  f a c t  that these disturbances a re  produced by sources which recur 
a t  regular  i n t e rva l s  and which, as was mentioned above, are  r e l a t ed  t o  
polar  substorms. Large sca le  TIDs  are general ly  thought t o  be due t o  
disturbances propagating i n  the neut ra l  atmosphere. These disturbances 
are waves i n  the  sense tha t  they t r ans fe r  energy from one locat ion t o  
another without t ransfer ing  mater ia l  between the locations.  However, 
s ince the  word "wave" is  of ten  used t o  describe phenomena of more marked 
per iodic i ty  than t h a t  shown by the TIDs,  the  t e r m  "atmospheric disturbance" 
w i l l  general ly  be employed i n  t h i s  work i n  preference t o  the  expression 
"atmospheric (gravi ty)  wave" e Nevertheless the term "wave" i s  some- 
t i m e s  used and unless  otherwise stated, implies only a mechanism f o r  the  
t r ans fe r  of energy. 
The rate a t  which the  disturbances i n  the neut ra l  atmosphere which 
cause ES TIDs are attenuated as they t r a v e l  i s  studied i n  Chapter I V .  The 
a t tenuat ion appears t o  be high enough t o  explain the lack of observations 
of t ransequator ia l  propagation of the TIDs, 
nature of t h e  source of the  disturbances, Methods f o r  determining the 
d i rec t iona l  character  of the source are  considered. 
Chapter V discusses the  
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The second portion of t h i s  inves t iga t ion  deals w i t h  the  production 
of large scale TIDs by disturbances propagating i n  the neut ra l  atmosphere. 
Chapter VI is devoted t o  a study of how atmospheric disturbances i n  the  
height range 200 t o  600 km a f f ec t  the l o c a l  ionizat ion.  The e f f e c t s  of 
the disturbances on the  motion of ionizat ion and on the production and 
l o s s  of e lec t rons  are included, The pr inc ipa l  r e su l t  of Chapter V I  i s  
a p a r t i a l  d i f f e r e n t i a l  equation describing the perturbation i n  t h e  e lec-  
t ron  concentration produced by a disturbance i n  the neut ra l  atmosphere. 
These r e s u l t s  are f o r  a general  disturbance i n  the neut ra l  atmosphere, 
However, i n  order t o  obtain numerical r e s u l t s ,  some models must be adopted. 
It  is p a r t i c u l a r l y  d i f f i c u l t  t o  obtain a realist ic model f o r  the d is tur -  
bance i n  the neut ra l  atmosphere. What w i l l  be done i s  t o  use a very simple 
model, a s inusoidal ,  i n t e rna l  atmospheric grav i ty  wave. Such an approach 
w i l l  allow some ins ight  i n t o  the problem, without necess i ta t ing  a more 
realist ic model t o  be constructed, a pro jec t  which is beyond the scope 
of t h i s  work. Chapter VI1 discusses the  models necessary t o  use the  
theo re t i ca l  r e s u l t s  of Chapter V I .  The l imi t a t ions  i n  the models used 
a re  stressed. Chapter V I 1 1  presents the  r e s u l t s  obtained using the 
theory and models of the preceding two chapters. The effects of i n t e rna l  
grav i ty  waves on the loca l  e lec t ron  concentration and on e lec t ron  content 
are shown, Chapter I X  i s  a summary of important conclusions and a list 
of suggestions f o r  fu tu re  work. 
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PART I 
CHARACTERISTICS OF LARGE SCALE 
TRAVELING IONOSPHERIC DISTURBANCES 

CHAPTER I1 
MORPHOLOGY OF LARGE SCALE TRAVELING 
IONOSPHERIC DISTURBANCES 
This chapter deals with the behavior of large sca le  T I D s  observed 
a t  m i d l a t i t u d e s .  
but important pa t te rns  are present i n  t h i s  behavior. The chapter begins 
with a discussion of the  observational technique used, followed by a 
descr ipt ion of various cha rac t e r i s t i c s  of the disturbances. The chapter 
concludes with a discussion of the  morphology of the disturbances, w i t h  
emphasis on t h e i r  source, 
The primary goal i s  t o  show t h a t  a number of simple 
A, Nature of the Observations 
The columnar e lec t ron  content of the ionosphere can be obtained 
continuously using measurements of the Faraday ro t a t ion  angle of a s igna l  
from a geostationary s a t e l l i t e  [Garr iot t ,  Smith, and Yuen, 19651. I n  
converting from Faraday ro ta t ion  angle t o  columnar e lectron content, a 
f ac to r  of proport ional i ty  has been used which w i l l  be called G and which 
i s  defined by the  following equation: 
R = G I  (2-1) 
where R i s  the Faraday ro ta t ion  angle and  G is ca l led  the layer  shape 
f ac to r  [Almeida, Garr io t t ,  and da  Rosa, 19701. Using Eq. (2-1) 
d I / I  = dR/R - dG/G (2-2) 
which may be approximated by 
AI/I = &/Q - AG/G (2-3) 
During local nighttime and dayt ime AG/G is  usual ly  much l e s s  than the 
other  terms i n  Eq, (2-3) [ A l m e i d a  e t  a l . ,  19701; however, during sunrise  
a n d  sunset changes i n  G may become important. Since the pr incipal  i n t e r e s t  
here i s  i n  r e l a t i v e  f luc tua t ions  i n  e lectron content and s ince during 
sunr i se  and sunset periods it  i s  d i f f i c u l t  t o  obtain good qual i ty  data 
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r e l a t ing  t o  TIDs ,  the diurnal var ia t ion  i n  G i s  of l i t t l e  importance t o  
t h i s  work, In  addition, based on calculat ions using the "standard" wave 
model which w i l l  be discussed i n  Chapter V I I I ,  i , e , ,  a period of 90 min- 
U t e s ,  a horizontal  wavelength of 3000 km, an amplitude of 20 m s a t  
200 km and a d i rec t ion  of t r ave l  from dipole north t o  south, t he  theoret i -  
cal  changes i n  G (for Stanford) caused by the presence of a TID are  due 
almost e n t i r e l y  t o  changes i n  layer  height (f 30 k m ) ,  the changes i n  
shape of the  l a y e r  being of secondary importance. Such changes i n  layer  
height w i l l  produce changes i n  G of roughly f 1.0 per cent ,  whereas, f o r  
the model used, changes i n  I of f 10 per cent occur. Waves with smaller 
amplitudes would produce correspondingly smaller changes i n  G. Therefore, 
s ince A I / I  >> AG/G seems t o  be t r u e  during passage of a wave, the effect  
of ar,y var ia t ion  i n  G w i l l  be neglected here. 
-1 
A very simple theory predic t s  that  columnar content i s  inversely 
related t o  the solar zeni thal  angle during the day, Such a re la t ion-  
I d  r e s u l t  i n  a diurnal content curve w i t h  a maximum at  loca l  
noon and symmetrfcal about noon. The prediction i s  only roughly f u l f i l l e d  
as can be seen from the  fact tha t ,  on most days, the curve deviates qui te  
markedly from such a simple shape. The deviation may be a sys t ema t i c  
asymmetry of seasonal character  [Yuen and Roelofs, 19661 or it  may be a 
gross  d i s to r t ion  during geomagnetic storms [Titheridge and Andcews, 19671. 
The curve may be s 0 t h  or it  may have f luctuat ions.  Were we w i l l  be 
concerned only w i t h  the s tady of f luc tua t ions  produced by large scale  
t rave l ing  ionospheric disturbances which are occasionally seen super- 
posed on the background diurnal var ia t ion.  The e lectron content curves 
which serve as basic d a t a  f o r  t h i s  invest igat ion a l s o  reveal qui te  c l ea r ly  
other types of var ia t ions ,  the  m o s t  common of which beloEg t o  the  MS 
category mentioned i n  the introduction [ T i t h e r i d g e ,  19681. Figures 2-1 
and 2-2 contrast  slant e lec t ron  content curves f o r  t w o  d i f fe ren t  days. 
I n  the f i r s t  f igure  the major influence on the e lec t ron  content is  the 
s o l a r  zen i tha l  angle; i n  the second, la rge  f luc tua t ions  d i s t o r t  the 
curve, 
days when such f luc tua t ions  are present,  These var ia t ions  are due t o  
la rge  scale TIDs.  
En t h i s  work, the term "d\isturbed day" w i l l  be used t o  indicate  
sm-70-05a. 8 
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Fig. 2-1. DIURNAL BEHAVIOR OF ELECTRON CONTENT ON A 
NON-DISTORBED DAY. 
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Fig. 2-2. DIURNAL VARIATION OF ELECTRON CONTENT 
ON A DISTCTRBED DAY. 
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I n  order t o  study the s p a t i a l  behavior of LS TIDs, a network of 
four  ground s t a t i o n s  observing VHF s igna ls  from the  geostationary sa t e l -  
l i t e  ATS-I was instal led.  The loca t ion  of these observatories,  of the 
sub - sa t e l l i t e  point of ATS-1, and of the 300 km sub-ionospheric points  
f o r  each r a y  path are  shown i n  Figure 2-3, The resolut ion i n  slant 
e lec t ron  content of the  data  recorded i s  of the order of 2 x 10 
e l ec t rons  m or b e t t e r  a t  a l l  the s t a t i o n s ,  
15 
-2 
Fig. 2-3. LOCATION OF THE FOUR ORIGINAL GROUND 
STATIONS, A l s o  shown are the  sub-satdl i te  point 
of BTS-I, and the  300 km sub-ionospheric points  
(crosses) ,  SD i s  an abbreviation f o r  San Diego. 
Both geographic and dipole coordinates are  shown. 
When one compares the  electran content curves obtained a t  each of 
t he  sites on a disturbed day, the  s i m i l a r i t y  of the  f luc tua t ions  i n  each 
of them becomes immediately apparent. Figure 2-4 shows such a comparison 
i n  which the  curves are arranged i n  a north-to-south order from the top 
t o  the bottom of the  f igu re ,  A carefu l  examination of the data i n  
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Figure 2-4 would reveal t ha t  the  f luc tua t ions  d i d  not occur i n  syn- 
chronism a t  a l l  the s t a t ions ,  but t h a t  there  are de f in i t e  t i m e  s h i f t s  
between similar fea tures  a t  d i f fe ren t  s t a t ions .  These s h i f t s  are 
d i f f i c u l t  t o  see i n  Figure 2-4 because of the  scale used. 
I n  order t o  faci l i ta te  comparisons of the f luc tua t ions ,  the 
slow diurnal  var ia t ion  can be eliminated from the  data by means of 
d i g i t a l  f i l t e r i n g ;  the r e s u l t s  of applying t h i s  operation t o  the 
data i n  Figure 2-4 are  displayed i n  Figure 2-5. A progressive delay 
can be observed from s t a t i o n  t o  s t a t i o n  suggesting a disturbance 
t rave l ing  southward. 
B e  Charac ter i s t ics  of the Disturbances 
Large scale t rave l ing  disturbances, as can be seen i n  f i l tered 
records such a s  those shown i n  Figure 2-5, produce perturbations i n  the 
e lec t ron  content consis t ing of a sequence of maximums and minimums. The 
complete event between two consecutive troughs w i l l  be ca l led  a "cycle" 
or, f requent ly ,  simply a TID,  f o r  reasons which w i l l  become apparent 
l a t e r .  The duration of a cycle is  somewhere between 1 and 3 hours, 1.5 
hours being very common. A l l  cycles occuring between two consecutive 
unperturbed periods cons t i t u t e  a " t r a in  of disturbances". 
as belonging t o  the  same t r a i n  a l l  cycles separated by quiet  periods of 
r e l a t i v e  short  duration not exceeding t h a t  of about three cycles. A 
t r a i n  of disturbances l a s t s  t yp ica l ly  10 t o  20 hours, although there are  
some infrequent examples of much longer t r a ins .  
An expanded system of observatories,  established i n  late 1968, 
W e  consider 
which has replaced the one shown i n  Figure 2-3, and which i s  shown i n  
Figure 2-6, has provided evidence that the disturbances r e t a i n  t h e i r  
character  while t rave l ing  over north-south distances of near ly  2000 k m  
as w e l l  as showing strong s i m i l a r i t i e s  across 1500 km of t he i r  wavefronts, 
The system of s t a t i o n s  shown i n  Figure 2-6 i s  equipped t o  provide data 
w i t h  better reso lu t ion  i n  t i m e  and e lec t ron  content than the  o r ig ina l  
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Fig. 2-6. SECOND NETWORK OF STATIONS USED. 
system. I n  addi t ion,  it provides grea te r  geographical coverage and per- 
haps most importantly, allows d a t a  t o  be obtained a t  a considerably higher 
l a t i t u d e  than w a s  possible  w i t h  the f i r s t  network. 
Figure 2-7 shows the times when t r a i n s  of la rge  scale  TIDs were 
observed during the  period from February 1967 through November 1968. 
Also shown are the pr inc ipa l  geomagnetic storms occurring during t h a t  
period, as reported i n  Solar-Geophysical Data [passim], and the t i m e s  
when K w a s  5 or grea ter .  A s  can be seen, many storms have an accompany- 
ing TID and almost a l l  T I D s  occur during storms, Disturbances occurred 
on v i r t u a l l y  every occasion on which K w a s  5 or greater .  These r e s u l t s  
are i n  good agreement w i t h  those of Georges [1968a], who suggested a 
re la t ionship  between K values g rea t e r  than 5 and occurrence of LS d i s -  
turbances. However, numerous TIDs were observed during storms when K 
w a s  below 5. 
a l s o  suggested a re la t ionship  between enhanced geomagnetic a c t i v i t y  and 
the  occurrence of disturbances, 
P 
P 
P 
P 
Other workers [Chan and V i l l a r d ,  1962; -’ Thome 19681 have 
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DURING THE PERIOD FEBRUARY 1967 THROUGH NOVEMBER 1968. 
The numbers under the symbols indicating geomagnetic 
storms are the numbers of the storms, 
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T I D s  are not observed w i t h  equal frequency throughout geomagnetic 
storms. Each storm during which a disturbance w a s  observed w a s  divided 
i n t o  20 i n t e rva l s ,  The number of times TIDs  were observed during each 
i n t e r v a l  w a s  then determined by summing over a l l  the storms. The r e s u l t s  
are displayed i n  Figure 2-8. TIDs occur most frequently during the  
m i d d l e  of storms w i t h  few being observed near t h e  beginning or end. 
.. 2 4 6 8 IO 12 14 16 I8 20 
I N T E R VA L 
Fig. 2-8, VARIATION I N  OCCURRENCE OF LS TIDs AT 
STANFORD W I T H  RESPECT TO THE PHASE OF GEOMAGNETIC 
sToR.Ms e 
The disturbances a l s o  exhib i t  a diurnal  va r i a t ion  i n  occurrence. 
Figure 2-9 shows t h e  number of TIDs observed at Stanford as a function 
of l o c a l  t i m e ,  The d i s t r ibu t ion  i s  somewhat similar t o  the diurnal  
va r i a t ion  curve of the e l ec t ron  content. 
The amplitudes of the  disturbances vary considerably. On one 
occasion, during the very intense geomagnetic storm of 25 May 1967, a 
cycle with a peak-to-trough amplitude of 30 x 10l6 e lec t rons  m-2 w a s  
15 
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Fig,  2-9. VARIATION I N  OCCURRENCE OF LS T I D s  AT STANFORD WITH RES- 
PECT TO LOCAL TIME. 
observed. However, t he  amplitudes are usually much smaller. A repre- 
s en ta t ive  r m s  amplitude, obtained from the  f i l t e r e d  records, f o r  a 
t r a i n  of disturbances i s  0.8 x 10l6 e lec t rons  m-2e Relative amplitude 
w i l l  be defined as the r a t i o  of the  r m s  amplitude of the perturbations 
t o  the  mean value of e lec t ron  content for t he  period of i n t e r e s t .  A 
typical r e l a t i v e  amplitude for a t r a i n  of disturbances i s  2%. Assuming 
t h a t  the TIDs are produced by disturbances i n  the  neu t r a l  atmosphere, 
the  r e l a t i v e  amplitudes of the TIDs are much more meaningful quan t i t i e s  
with which to deal than absolute amplitudes,as w i l l  be discussed i n  
Chapter VIII. 
Since these TIDs are observed primarily during geomagnetically 
disturbed periods, i t  is  of i n t e r e s t  t o  determine i f  any re la t ionship  
exists between the  amplitude of the disturbances and the leve l  of geo- 
magnetic a c t i v i t y ,  Figure 2-10 is a scatter diagram i n  which the  average 
r e l a t i v e  amplitudes of a number of t r a i n s  of disturbances are  p lo t ted  
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Fig.  2-10. SCATTER DIAGRAM OF AVERAGE RELATIVE AMPLITUDES OF 
' WAS OBSERVED AT STANFORD. 
TRAINS OF TIDs VERSUS THE AVERAGE K FOR THE PERIOD WHEN EACH 
P 
against  values of K averaged over t he  period during which each t r a i n  
w a s  observed. The scatter diagram indicates  a strong cor re la t ion  between 
the  re la t ive amplitudes of t he  disturbazces and the  l eve l  of geomagnetic 
a c t i v i t y  . 
P 
For each disturbance the  r e l a t i v e  and absolute r m s  amplitudes were 
a l s o  determined f o r  every two hour in t e rva l  of t he  disturbed period. 
Using these results the  average diurnal behavior of r e l a t i v e  and absolute 
amplitudes w a s  determined. Figures 2- l la  and 2- l lb  show the  curves ob- 
ta ined.  Standard deviations are indicated by t h e  v e r t i c a l  bars ,  
C. Speed and Direction of Motion of t he  Disturbances 
Figure 2-5 ind ica tes  t h a t  t h e  f a r t h e r  south the  observer, t he  
la te r  each d e t a i l  i n  the  e l ec t ron  content f l uc tua t ion  pa t t e rn  makes i t s  
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appearance, By measuring the t i m e  i n t e rva l s  between the  occurrence of a 
given cycle at three d i f fe ren t  loca t ions ,  it i s  possible t o  determine 
the d i rec t ion  and the  speed of propagation of t he  disturbance. Since 
each cycle has i t s  own cha rac t e r i s t i c  shape, d i f fe r ing  qui te  noticeably 
from t h a t  of neighboring cycles, and s ince t h i s  shape i s  remarkably w e l l  
preserved from one s t a t i o n  t o  another, the  t i m e  de lays  can be determined 
unambiguously from a simple comparison of similar pat terns .  Such an 
approach is found t o  be easier t o  apply than determining t i m e  delays 
based on the  maximums of t h e  cross-correlat ion functions of t he  wave 
shapes a t  t he  d i f f e ren t  s t a t ions .  The r e s u l t s  obtained using the two 
methods general ly  are i n  good agreement. 
I n  t r ans l a t ing  t i m e  s h i f t s  i n t o  the  magnitude and d i rec t ion  of 
the ve loc i ty  of the disturbance, the assumptions of plane wave propaga- 
t i o n  and a plane e a r t h  w e r e  made. Note tha t  the  l a s t  assumption does not 
m e a n  tha t  the calculated ve loc i t i e s  cannot later be used i n  connection 
with a spherical  e a r t h  model when considering distances much la rger  than 
those between t h e  s t a t i o n s  of the observation network, It i s  important 
t o  point out t h a t  t he  method presented here w i l l  only allow the  horizon- 
t a l  phase ve loc i ty  of the disturbances t o  be determined. 
The speeds and d i rec t ions  of t r a v e l  which w i l l  be presented here 
are averages obtained i n  a manner which w i l l  now be discussed. A s  can 
be seen from Figure 2-3, four  t r i ang le s  can be formed from the  four- 
s t a t i o n  network, Two of these t r i ang le s  have their  longest leg  i n  the  
north-south d i rec t ion  (Eiy-San Diego) and two have t h e i r  longest l e g  i n  
the east-west d i rec t ion  (Flagstaff-Stanford). The former p a i r  give a 
more accurate measure of speeds of north-to-south t rave l ing  disturbances,  
w h i l e  the  l a t t e r  p a i r  are  better for measurement of t h z i r  d i rec t ion  of 
t r ave l .  The speeds obtained during 1967 which a re  presented here are 
averages of t he  values obtained from the two "north-south t r iangles"  
and the  d i rec t ions  of t r a v e l  are  averages obtained from the other two 
t r i a n g l e s ,  Since the  two speeds and  the  two d i rec t ions  which are aver- 
aged are usual ly  near ly  equal,  the  plane wave assumption made e a r l i e r  
appears t o  be j u s t i f i e d .  
No three  s t a t i o n  coverage was avai lable  throughout much of 1968; 
the network of s t a t i o n s  shown i n  Figure 2-6 was established i n  October 
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of t h a t  year, The speeds used here f o r  disturbances s t u d i e d  w i t h  t h i s  
system of s t a t i o n s  were obtained using the  Stanford - Edmonton - F t ,  
Col l ins  t r i ang le .  The di rec t ion  of t r a v e l  are  averages from tha t  tri- 
angle and the Stanford - F t ,  Col l ins  - Clark Lake t r i ang le ,  
The ve loc i t i e s  which are calculated are averaged over t he  t i m e  
required f o r  an iden t i f i ab le  fea ture  of a disturbance t o  t r a v e l  between 
s t a t i o n s ,  
temporal gradients  of ve loc i ty  do not behave i n  an e r r a t i c  fashion, 
There is  no evidence that any such erratic behavior occurs. 
The values obtained are reasonable provided the s p a t i a l  and 
The data obtained do not provide information on the height of the 
disturbances. However, Thome [1964, 19681 has studied the same type of 
disturbances and has shown t h a t  they are located as low as  200 km and 
possibly as  high a s  800 km, Due t o  the low e lec t ron  concentration at 
the high l eve l s ,  the r e l a t i v e  importance of effects about, say, 500-600 
km are  probably not very important when compared with those of lower 
leve ls .  
of these disturbances. Although the  height range which they studied i s  
not so la rge  as Thome's, they found the  disturbances t o  produce appreciable 
e f f e c t s  throughout the 200-400 km range. Since the  ray paths from the 
s t a t i o n s  t o  the satel l i te  are  nearly p a r a l l e l ,  the  distance between a 
given p a i r  of ray paths is  very near ly  constant over the height range 
of i n t e r e s t .  Hence one does not need accurate information about the 
heights  uf t he  disturbances i n  order t o  obtain good estimates of t h e i r  
hor izonta l  ve loc i t i e s .  In  the  calculat ions carried out i n  t h i s  paper, 
v e l o c i t i e s  have been determined assuming heights  of 300 km. I f ,  ins tead,  
the major influence of these disturbances on our measurements is  a t  200 
k m  or 400 km, an e r r o r  of less than about four  percent w i l l  have been 
made i n  t h e  determination of speeds and no appreciable e r r o r  w i l l  have 
been made i n  the  ca lcu la t ion  of d i rec t ion  of t r ave l .  (These estimates 
of e r r o r  are f o r  the o r ig ina l  network.) 
Tesud and Vasseur [1969] have a l s o  s tudied  the v e r t i c a l  s t ruc ture  
The pr inc ipa l  inaccuracy i n  determining the  ve loc i t i e s  of the 
disturbances stems from the  uncertainty i n  the  measured t r a v e l  times 
between s t a t ions ,  Generally the  peaks of the  disturbances are  so broad 
that t imeshi f t s  cannot be estimated any c loser  than about one minute, 
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Since our t i m e  resolut ion i s  generally better than one minute, improving 
it would not improve the  accuracy of the  measured t imeshi f t s .  Increased 
s t a t i o n  separation seems t o  be the  only method of increasing the accuracy 
of the  measurements. An uncertainty of one minute may be important since 
t r a v e l  t i m e s  between s t a t i o n s ,  pa r t i cu la r ly  with the o r ig ina l  network, 
a re  of ten  less than t en  minutes, 
The accuracy of measurement i s  a function of the speed and the  
d i rec t ion  of t r a v e l  of the TID. For the  disturbances discussed here 
the  mean d i rec t ion  of t r a v e l  i s  from geomagnetic north t o  south w i t h  a 
diurnal  f l uc tua t ion  of roughly * 20°, For disturbances coming from such 
a d i rec t ion  with speeds of the order of 500 m s-l, the measured speed i s  
accurate t o  within about f 30 m s and the  measured bearing is accurate 
t o  within about f. 5'. These are the errors due t o  a one minute uncertainty 
i n  t r a v e l  t i m e s  and a re  f o r  the  Stanford - Ely - Flagstaff  - San Diego 
network. For the  enlarged system of s t a t i o n s  and for the  same d is tur -  
bances, t he  speeds are accurate t o  within about f 10 m s and the 
beasings are  accurate t o  within about f 2'. 
-1 
-1 
'Phe measured speeds f o r  a number of TIDs are  shown i n  Figure 2-12 
Fig.  2-12. SPEEDS OF A NUMBER OF TIDs AS A FUNCTION OF 
PACIFIC STANDARD TIME. 
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as a function of P a c i f i c  Standard Time, The speeds show no de f in i t e  
diurnal va r i a t ion  i n  magnitude; however, a diurnal  var ia t ion  i n  the 
number of observations is apparent and i s  probably due t o  observational 
l imi t a t ions  which w i l l  be discussed later. Figure 2-13 shows a h is to-  
gram of observed speeds, Most disturbances have speeds between 300 and 
-1 -1 600 m s Vir tua l ly  no disturbances have speeds below 300 m s , while 
an appreciabze number have speeds between 600 and about 1000 m s . It 
has been previously reported [Davis and da Rosa, 19691tba.t these d is tur -  
bances exhibit a pronounoed diurnal var ia t ion  i n  speeds. Indeed, f o r  
-1 
the disturbances studied i n  t h a t  paper a de f in i t e  diurnal var ia t ion  seemed 
t o  be present .  The diurnal  var ia t ion  which was observed there, and which 
i s  now regarded as spurious, seems t o  be due t o  the l i m i t e d  sample s i z e  
and the time averaging method used. 
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Fig. 2-13. HfSTOGRAFJI OF OBSERVED SPEEDS. The two occur- 
rences indicated between loo0 and 1050 m s-l are ac tua l ly  
the  number of occurrences with speeds above 1000 m s-1, 
The measured d i rec t ions  of the  ve loc i ty  vectors of a number of TIDs  
are shown i n  Figure 2-14a as a function of Pac i f i c  Standard Time, The 
d i rec t ion  of a r r i v a l  has a diurnal var ia t ion  which i s  perhaps more 
apparent i n  Figure 2-14b i n  which the d i rec t ion  of a r r i v a l  f o r  TIDs on 
several  selected days is  shown, The d i rec t ion  of a r r i v a l  has a de f in i t e  
diurnal var ia t ion;  the disturbances come from an easterly direct ion 
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during l o c a l  afternoon and appear t o  come from a wes te r ly  d i rec t ion  
during l o c a l  morning. The average d i rec t ion  of t r a v e l  i s  from roughly 
gesmagnetic north t o  south. Again, the diurnal  var ia t ion  i n  number of 
observations is, probably due eo observational l imi t a t ions  
D. Discussion 
As has been mentioned previously, a la rge  diurnal var ia t ion  i n  the 
number of observations occurs. This var ia t ion  is  due at l e a s t  i n  la rge  
measure t o  observational l imi ta t ions ,  One cannot detect f luc tua t ions  i n  
e lec t ron  content when the absolute value of t he i r  amplitude f a l l s  below 
Therefore, there is  a minimum value of r e l a t i v e  a minimum leve l ,  
amplitude which can be observed 
'&in" 
R min = Ihin/Io 
A s  w i l l  be discussed i n  Chapter VIII, R i s  a measure of the  ampli- 
tube of the disturbance i n  the  neut ra l  atmosphere. Due t o  the reduced 
e lec t ron  content at n ight ,  the nocturnal value of R becomes large 
enough t o  prevent t he  effects of many disturbances i n  the neut ra l  atmos- 
phere from being detected, while during the  day, w i t h  a la rger  e lec t ron  
content and consequently a lower de t ec t ab i l i t y  threshold,  the effects 
of a subs t an t i a l ly  grea te r  number can be observed. T h i s  explains quali-  
t a t i v e l y  the shape of the histogram of TID occurrences i n  Figure 2-9. 
min 
Assuming t h a t  the average amplitude of the disturbances i n  the 
neut ra l  atmosphere i s  constant and t h a t  the coupling between them and 
the  ion iza t ion  does not vary diurnal ly ,  the average diurnal var ia t ion  of 
the absolute amplitude, If, of the TPDs should be similar t o  that  of the 
e lec t ron  content, This is approximately so as can be seen from Figure 
2-15 where normalized average values of I '  and Po f o r  the  period 1967- 
1968 are compared, The discrepancies between the two curves can be 
a t t r i bu ted  not only t o  the approximate nature of the assumptions made 
above but a l s o  t o  the  f a c t  t h a t  our data f i l t e r i n g  process tends t o  con- 
sider t h e  fast content var ia t ions  near sunrise and sunset as par t  of 
i r r e g u l a r i t i e s ,  although care w a s  taken t o  avoid t h i s  problem, The 
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Fig. 2-15. A COMPARISON OF THE NORMALIZED DIURNAL 
VARIATION I N  AVERAGE RMS AMPLITUDES OF TIDs AND THE 
NORMALIZED DIURNAL VARIATION I N  AVERAGE nECTRON 
CONTENT. 
d iu rna l  var ia t ion  i n  amplitude w i l l  be considered i n  d e t a i l  i n  Chapter V. 
I t  w i l l  be shown i n  Chapter V I 1 1  t h a t  the  r e l a t i v e  amplitude, R ,  
of e lec t ron  content f luc tua t ions  associated with a TID i s  proportional 
t o  t h e  amplitude of the  disturbance i n  t&e neu t r a l  atmosphere causing 
them. On the  other  hand, i t  was found experimentally tha t  these TIDs 
tend t o  occur during geomagnetically disturbed periods [ c f .  Figure 2-71 
and t h a t  t h e i r  amplitude, R ,  is  proportional t o  the  geomagnetic a c t i v i t y .  
index, K These f a c t s  suggest t h a t  the  generation of the atmospheric 
disturbances which cause the  TIDs i s  probably r e l a t ed  t o  enhanced geo- 
magnetic a c t i v i t y ,  This conclusion,taken together with the general  north- 
to-south d i rec t ion  of t r a v e l  of the  TIDs, suggeststhat the source of the 
disturbances which we have observed l ies i n  the  northern auroral  region. 
Such a loca t ion  f o r  the  source has been previously suggested by Valverde 
[1958], Bowman [1965], Georges [1968a], Thome [1968], and others.  
Po 
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The concept of geomagnetic (dipole) t i m e  w i l l  be used throughout 
the following discussion. Geomagnetic t i m e  i s  determined by the  posi t ion 
of the sun w i t h  respect  t o  the geomagnetic meridian a t  the observing 
s i t e ;  it i s  useful  f o r  s tud ies  dealing with t i m e  var ia t ions  i n  geomag- 
n e t i c  phenomena. I n  t h i s  study dipole t i m e  w i l l  be calculated using a 
centered dipole and is defined by the  spherical  angle at the  dipole pole 
formed by the  loca l  dipole meridian and the  dipole m e r i d i a n  passing 
through the subsolar point ,  Dipole midnight is  defined as  the t i m e  of 
the t r a n s i t  of t he  sun over the dipole meridian opposite t o  t h a t  a t  the  
observing site. A l l  ca lcu la t ions  of dipole t i m e  were done using a so l a r  
decl inat ion of zero. The reader who is  in t e re s t ed  i n  an extended discus- 
s ion of geomagnetic t i m e  i s  re fer red  t o  Simonow [1963]. 
Since v isua l  auroras,  known t o  be r e l a t ed  t o  geomagnetic a c t i v i t y ,  
have a m a x i m u m  frequency of occurrence near geomagnetic midnight i n  the 
auroral  zone [HuBtqvist, 1967, and references there in] ,  it is  not un- 
reasonable t o  imagine t h a t  atmospheric disturbances might or ig ina te  from 
t h i s  same locat ion,  V i e w e d  from a f ixed point on ea r th ,  at midlati tudes,  
a source located a t  geomagnetic midnight i n  the  northern auroral  zone 
appears to ro t a t e ,  once every 24 hours, i n  a w e s t e r l y  d i rec t ion  around the 
north geomagnetic pole, causing a diurnal  var ia t ion  i n  tbe di rec t ion  of 
a r r i v a l  of any disturbances produced by t h a t  source when observed a t  the 
midlati tude locat ion,  Such a var ia t ion  is i n  qua l i t a t ive  agreement w i t h  
t he  behavior depicted i n  Figure 2-14 where it is  seen t h a t  the mean 
d i r ec t ion  of propagation of the TIDs i s  from geomagnetic north-to-south 
w i t h  a diurnal  swing of f 20°. 
To fu r the r  test the  hypothesis described, w e  considered an i so t rop ic  
source of disturbances and assumed t h a t  the resu l t ing  i r r e g u l a r i t i e s  
t r a v e l  i n  the  d i rec t ion  i n  which they  are launched w i t h  a speed independent 
of l a t i t u d e .  The expected d i rec t ion  of a r r i v a l  of disturbances can then 
be calculated as a funct ion of t i m e  f o r  any observing location. This 
w a s  done assuming an observer located at the  center  of the polygon formed 
by the 300 km ionospheric points  of the sa t e l l i t e - to - r ece ive r  r a y  paths 
f o r  the network shown i n  Figure 2-3, The r e s u l t s  obtained shows a diurnal  
var ia t ion  i n  the  d i rec t ion  of a r r i v a l  which lagged appreciably the  ob- 
served ones and which w a s ,  i n  addi t ion,  somewhat l a rge r .  In  order t o  
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obtain a b e t t e r  match between theory and experiment, other possible 
loca t ions  fcs: t he  source were examined. By t r i a l  and e r ro r  it w a s  
found t h a t  a source located at 1900 dipole t i m e  and dipole l a t i t u d e  
78' N gives qui te  good agreement with our observations. The length 
of the  path t rave led  by a disturbance from such a source i s  shown i n  
Figure 2-16 as a function of the universal  t i m e  of or ig in .  The calcu- 
Fig,  2-16. THE DISTANCE TRAVELED BY A DISTURBANCE PRODUCED AT 1900 
DIPOLE TIME AND 78' NORTH DIPOLE LATITUDE BETWEEN ORIGIN AND DETEC- 
TION VERSUS TIME OF ORIGIN. 
la ted d i rec t ions  of a r r i v a l  versus Pac i f i c  Standard Time are shown i n  
Figure 2-17 along with the  averages of the  observed values. The v e r t i c a l  
bars  indicate the  standard deviation of t he  observations. Calculations 
were done using several  constant speeds. The calculated direct ion of 
a r r i v a l  versus t i m e  curve i s  f a i r l y  insens i t ive  t o  the  actual assumptions 
made about the  speeds of the  disturbances. 
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Fig. 2-17. A COMPARISON OF THE OBSERVED AVERAGE DIURNAL VARIATION 
I N  DIRECTION OF ARRIVAL OF TIDs  AND THE EXPECTED DIURNAL VARIATION, 
The data i n  Figures 2-12 and 2-14 were obtained using two separate 
arrays of stations. It is assumed t h a t  speed and  azimuth are  only func- 
t i ons  of the local t i m e  of observation. Using t h i s  assumption the  data 
obtained using \the second network were t r ans l a t ed  0.3 hours later i n  
t i m e  i n  order t o  p lo t  them with the  data  obtained using the  or ig ina l  
network. This  s m a l l  t i m e  s h i f t  i s the  difference i n  loca l  t i m e  between 
the centers of t h e  t w o  networks. Such a t r ans l a t ion  allows the two 
sets of data  t o  be compared meaningfully. Local t i m e  a t  the center  of 
the  o r ig ina l  network i s  UT-7,S hours. Since the north-south separation 
between t h e  centers  of t he  two networks is  small, i t  is  neglected, A l l  
subsequent discussion refers t o  the centroid of the or ig ina l  a r ray  of 
s t a t ions  e 
A source of disturbances at the  locat ion determined above would 
be very near the  auroral  ova l  determined by Fe lds te in  [1963] i n  which 
auroras are seen i n  the  zeni th  with a frequency of occurrence of 75% or 
more, However, the  actual locat ion of aurora a t  a pa r t i cu la r  ins tan t  
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depends upon the  degree of geomagnetic a c t i v i t y  [Akasofu, 1964 and 
references therein] .  
located i n  a region characterized by auroral  a c t i v i t y  a t  the t i m e  the 
disturbance i s  produced, then, s ince such a region moves fu r the r  toward 
the  equator with increased geomagnetic a c t i v i t y ,  t he  extent of diurnal 
var ia t ion  i n  angle of a r r i v a l  should depend upon the  degree of geomagnetic 
a c t i v i t y .  This point w i l l  be discussed fu r the r  i n  Chapter 111. 
If the source of the  disturbances is ac tua l ly  
If the  i n t e n s i t i e s  of auroral  and geomagnetic ac t iv i ty  are  good 
indices  of t he  rate at which energy is being deposited i n  the polar 
atmosphere during geomagnetically d is turbed  periods,  then such energy 
is  not delivered uniformly, but is, i n  pa r t ,  deposited explosively 
during polar  substorms, primarily i n  the  v i c i n i t y  of the  midnight sector .  
Assuming t h a t  t he  l ikel ihood of producing an atmospheric disturbance is  
enhanced during periods when the amount of energy deposited i n  the atmos- 
phere i s  suddenly increased, then it is probable tha t  TIDs are  produced 
by a number of i so l a t ed  sources associated with separate  substorms. 
Such a source mechanism would probably produce disturbances a t  a t i m e  
near geomagnetic midnight i n  the  form of a series of separate  pulses,  
or damped o s c i l l a t i o n s ,  r a the r  than a s ing le  per iodic  disturbance, a 
suggestion consis tent  with our observations. During geomagnetically 
disturbed periods, substorms occur roughly every one or two hours 
[Akasofu, 19651, t i m e s  which a re  near t he  "periods" of observed LS TIDs. 
It i s  known t h a t  substorms provide the main contr ibut ion t o  K during 
storms and a l s o  during periods of r e l a t i v e  quiet  [Piddington, 19681, 
hence the  good cor re la t ion  between the  r e l a t i v e  amplitudes of d i s tur -  
bances and K observed by us. The re la t ionship  between the or ig in  of 
la rge  sca l e  TIDs and substorms w i l l  be discussed i n  d e t a i l  i n  the 
following chapter. 
P 
P 
One would expect that  disturbances of the  type discussed here 
should a l s o  be generated a t  high l a t i t u d e s  i n  the  souihern hemisphere 
during geomagnetic storms and should therefore  be detectable i n  the  
northern hemisphere propagating northwards, provided the long distances 
involved d i d  not cause them t o  be too  s t rongly attenuated. In  f a c t ,  
these disturbances have been observed i n  the  southern hemisphere [Munro, 
1950; Bowman, 1965; French, 19681, W e  have, however, observed no 
29 SEL-70-051 
northward moving disturbances,  T h i s  problem has been discussed by 
Thome [1968] who observed a southward moving disturbance by means of 
ionograms taken at s t a t i o n s  located along the 75th meridian. The ampli- 
tude of the ionospheric disturbance increased a s  the wave moved south- 
ward  towards midlat i tudes and then decayed as  it approached the  equator, 
disappearing completely at l o w  l a t i t u d e s  and not reappearing, as expected, 
i n  the  southern hemisphere. The explanation given for t h i s  behavior i s  
t h a t  t he  disturbance i n  the neut ra l  atmosphere i s  progressively attenu- 
ated by viscous losses  as  i t  moves south, Its ionospheric signature i s ,  
however enhanced at midlat i tudes by the favorable inc l ina t ion  of the 
geomagnetic f i e l d  l i n e s ,  l i t t l e  perturbation i n  the  ionosphere being 
expected when the  f i e l d  is either v e r t i c a l  or horizontal .  By the  t i m e  
the  atmospheric disturbance reaches the m i d  l a t i t u d e s  of the southern 
hemisphere, it has been su f f i c i en t ly  attenuated t o  be undetectable. 
However, Bowman [1965] has reported evidence of round-the-world propaga- 
t i o n  of these disturbances. The r a t e  at which these disturbances are 
damped as the t r a v e l  w i l l  be studied i n  Chapter I V .  The problem of 
t ransequator ia l  propagation w i l l  then be considered again. 
The observations presented i n  t h i s  chapter i l l u s t r a t e  the w e l l -  
known cha rac t e r i s t i c s  of la rge  sca le  TIDs, These fea tures  are  the 
following:, 
31. Occurrence highly cor re la ted  w i t h  geomagnetic a c t i v i t y  
2. Propagation from the  polar regions toward the  equator 
3. 
4, Retention of character  over la rge  distances.  
Speeds of t h e  order of 500 m s-l 
In  addi t ion,  several  other  fea tures  have been suggested. 
5, A mechanism of production the  output of which i s  related 
t o  the  l e v e l  of geomagnetic a c t i v i t y  
6 .  An or ig in  a t  high dipole l a t i t u d e s  a t  a locat ion i n  the  
evening sec tor  of the  auroral  oval i n  the  v i c i n i t y  of 
1900 dipole t i m e  
7. A source mechanism re l a t ed  t o  the occurrence of polar 
substorms, 
Many of the  problems introduced here w i l l  be considered i n  more 
d e t a i l  i n  subsequent chapters 
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CHAPTER I11 
LARGE SCALE T I D s  AND POLAR SUBSTORlMS 
I t  w a s  suggested i n  Chapter I1 t h a t  la rge  scale  TIDs or iginate  
during polar substorms. T h i s  suggestion w a s  based on the observed char- 
acter of the TIDs and the known character of polar substorms. 
chapter pursues the possible  re la t ionship between la rge  scale  TIDs and 
substorms i n  more d e t a i l ,  This i s  done by comparing substorms and TIDs 
on a one-to-one basis as w e l l  as comparing them s t a t i s t i c a l l y ;  both 
approaches give convincing evidence tha t  the TIDs and polar substorms are  
related. I n  addition, it i s  shown tha t  it is  possible t o  determine the 
loca t ion  of the source of an individual T I D  i f  it can be associated w i t h  
a substorm and i f  i t s  ve loc i ty  i s  known. 
The present 
A. Background 
Experimental ve r i f i ca t ion  of the fact  t h a t  large scale  TIDs occur 
during geomagnetically disturbed periods has been avai lable  f o r  near ly  a 
decade. However, a convincing experimental demonstration of a connection 
between these disturbances and substorms i s  not avai lable  i n  the l i t e r a t u r e .  
A d e t a i l e d  study r e l a t ing  infrasonic  waves t o  polar substorms has been 
car r ied  out by Wilson [1969]. I n  some respects  the  morphology of these 
waves i s  similar t o  that of la rge  scale TIDs. For a s ingle  case French 
[1968] has shown evidence suggesting a connection between a supersonic 
auroral  motion (which undoubtedly occurred during a substorm) a n d  a sub- 
sequently occurring TID. 
A d e t a i l e d  substant ia t ion of the suggestion tha t  LS TIDs  or iginate  
during polar  substorms i n  a fashion consistent w i t h  the morphology of the 
disturbances presented i n  Chapter I1 is not avai lable ,  The purpose of 
t h i s  chapter w i l l  be t o  e s t ab l i sh  a f i r m  connection between LS TIDs and 
polar substorms, 
B. Polar  Substorms 
Since much of the following discussion involves the use of the  con- 
cept of a polar substorm, a very brief discussion of the phenomenon w i l l  
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be presented. For a de ta i led  discussion of the subject ,  the  reader i s  
referred t o  the  work of Akasofu [1965, 19681, and t o  the references men- 
t ioned therein.  
Probably under the influence of the so l a r  wind, the e a r t h ' s  magneto- 
sphere appears t o  become in te rmi t ten t ly  unstable and a t  such times la rge  
amounts of energy are  suddenly released i n t o  the  polar upper atmosphere, 
T h i s  sudden re lease  of energy i s  apparent i n  a number of d i v e r s e  phenomena, 
f o r  example, intense auroral  a c t i v i t y ,  the prec ip i ta t ion  of energet ic  
p a r t i c l e s  and x-ray bursts .  This a c t i v i t y ,  the polar  substorm, may occur 
repeatedly during ac t ive  periods and has a typ ica l  l ifetime of one t o  
three hours, The concept of the  polar  substorm un i f i e s  a number of super- 
f i c i a l l y  separate  phenomena. Each of the phenomena comprising a polar 
substorm may i t s e l f  be labeled a substorm, as f o r  example, the auroral  
subs t orm 
I n  order t o  relate polar substorms and LS TIDs some means of detecting 
the occurrence of the  former must be used. Since the occurrence of a 
substorm is  apparent i n  many d i f f e ren t  phenomena, numerous methods are  
avai lable .  The most p rac t i ca l  approach is t o  use geomagnetic f i e l d  
records from high-lat i tude observatories.  During polar substorms an 
enhanced electric cur ren t ,  t he  polar e l e c t r o j e t ,  flows i n  the region of 
the aurora l  oval .  The magnetic disturbance produced by t h i s  current i s  
called t h e  polar magnetic substorm. The magnetic disturbance is  par t icu-  
l a r l y  intense i n  the midnight sec tor  during a substorm, although l i t t l e  
e f f e c t  may be seen a t  s t a t i o n s  located near noon, In  addi t ion t o  a 
strong dependence on l o c a l  t i m e ,  t he  character  of the magnetic disturbance 
observed depends upon the  l a t i t u d e  of the observer. The maximum e f f e c t s  
are  seen a t  a s t a t i o n  i n  the  auroral  oval ( a t  about 68O N dipole (dp) 
l a t i t u d e )  near midnight. I n  the midnight sec tor  polar magnetic substorms 
appear as negative bays i n  the  horizontal  component of the geomagnetic 
records of an observatory located i n  the auroral  oval. A t  o ther  observa- 
t o r i e s  negative or pos i t ive  bays or more complicated s t ruc tures  may be 
seen depending upon t h e i r  locat ion with respect to the oval. In  order 
t o  study the  occurrence of polar  magnetic substorms throughout the day 
a number of high l a t i t u d e  geomagnetic observatories must be used, 
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Figure 3-2, which w i l l  be discussed i n  more de t a i l  la ter ,  provides 
an example of how the  same substorm leaves d i f fe ren t  types of signatures 
a t  d i f fe ren t  s t a t ions ,  The records from four  observatories a re  shown. 
The f irst  magnetic substorm i s  apparent near 1800 PST. Since College 
i s  i n  the  la te  afternoon sec tor ,  no major e f f e c t s  are seen there ,  A 
second substorm i s  seen a t  2300 PST. By t h i s  t i m e  Sodankyla has moved 
well i n t o  the morning sec tor ,  A pos i t ive  bay i s  seen at  College. The 
record from Great Whale i l l u s t r a t e s  the impulsive nature of the  substorm. 
I t  is  important t o  note t h a t  polar magnetic substorms w i l l  be used 
t o  ind ica te  the  occurrence of a more widespread ac t iv i ty ,  i .e.,  the 
other  manifestations of the polar substorm. Any cor re la t ion  which may 
ex is t  between the occurrence of polar magnetic substorms and LS T I D s  
does not necessar i ly  imply a re la t ionship  between the  cause of the mag- 
n e t i c  disturbance, the  enhanced current flow, and the source of the TID, 
although t h a t  may be the  case. Unless addi t ional  evidence i s  avai lable ,  
a cor re la t ion  between LS TIDs and polar magnetic substorms should be 
thought t o  imply only a re la t ionship  between some unspecified process 
occurring i n  the  polar substorm and the source of the TIDs. 
C ,  Approach Used t o  Connect TIDs and Substorms 
Four high-lati tude,  northern hemisphere observatories were chosen 
f o r  t h i s  study, namely College (Alaska), Sodankyla (Finland), Leirvogur 
(Iceland) and Great Whale River (Canada). The locat ions of the  observa- 
t o r i e s  are shown i n  Figure 3-1 along with the  300 km sub-ionospheric 
po in ts  of the  network of s t a t ions  used i n  measuring columnar content. 
Dipole coordinates are used. For the  period of in te res t ,  1967-1969, 
high l a t i t u d e  Soviet geomagnetic data are not yet avai lable ,  The s t a t ions  
se lec ted  provide the  best  coverage possible with only four s t a t ions ,  
when Soviet data  are not included. The use of four s t a t ions  allows 
auroral  e l e c t r o j e t  (BE) indices  t o  be constructed; use w i l l  be made of 
these indices  l a te r  i n  t h i s  chapter,  (For a discussion of AE indices  
see Davis and Sugiura [1966].) 
The approach t o  be used i n  the following sect ion w i l l  be t o  pre- 
sent a number of progressively more complicated examples t o  i l l u s t r a t e  
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Fig. 3-1. LOCATION OF THE GEOMAGNETIC OBSERVATORIES 
USED. Dipole coordinates are used. Also shown are 
t h e  300 k m  ionospheric po in ts  f o r  Stanford, Edmonton, 
F t .  Col l ins ,  and Clark Lake 
t h e  p o s s i b i l i t i e s  and problems of attempting t o  co r re l a t e  TIDs and  sub- 
storms. I n  addi t ion,  a s ta t i s t ica l  approach w i l l  be employed. 
Two pr inc ipa l  observational l imi t a t ions  are present i n  the  method 
used, The f i r s t  is  the  gap i n  coverage between College and Sodankyla. 
The d i f f i c u l t y  which t h i s  gap presents  i s  t h a t  it i s  possible t o  m i s s  
s m a l l  substorms which might occur when the  midnight sec tor  is  between 
College and Sodankyla. The observational d i f f i c u l t i e s  associated with 
the e l ec t ron  content d a t a  are discussed i n  d e t a i l  i n  Chapters 11, V,  a n d  
V I I I .  Br ie f ly ,  it is  d i f f i c u l t  t o  detect  TIDs  during loca l  night  because 
of the  s m a l l  e lec t ron  content observed then and ,  i n  addi t ion,  i f  TIDs of 
s u f f i c i e n t l y  small amplitude occur at any t i m e ,  they a re  not detectable .  
When i s o l a t e d L S  TIDs and substorms occur, i t  is  found t o  be possible 
t o  assoc ia te  a TID with a substorm i n  a reasonably unambiguous fashion 
i f  the  speed with which the  TID t r a v e l s  is  known, s ince the distance 
t raveled by a T I D  can then be estimated. Based  on the theo re t i ca l  d i s -  
tances t o  the  average source of LS TIDs calculated i n  Chapter 11, a TID 
or ig ina t ing  i n  the  auroral  oval during a substorm should appear on the 
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Stanford records one t o  f i v e  hours after the substorm, assuming typica l  
TID speeds. Therefore, even i f  t he  speed i s  not known, a convincing 
association can s t i l l  be made i f  the substorm i s  t r u l y  i so la ted  and the 
t i m e  separation between substorm and TID i s  reasonable, An i so la ted  sub- 
storm preceding an i so l a t ed  T I D  observed at Stanford by one t o  f i v e  hours 
would be convincing evidence f o r  a connection between the two events. 
Much of t he  energy of t h e  atmospheric disturbances which cause 
l a rge  scale TIDs i s  associated w i t h  very low frequencies. Based on the 
dispersion r e l a t ions  f o r  atmospheric waves (cf. Chapter V I I ) ,  it is  
theo re t i ca l ly  expected t h a t  group and phase speeds should be nearly equal 
a t  such frequencies, Hence the measured speeds can be treated as either 
group or phase speeds. These speeds w i l l  be used i n  calculat ing distances 
t raveled.  
I n  order t o  ca lcu la te  the distance t rave led  by a TID, one must 
determine first a t r a v e l  t i m e  and then f ind  the  distance using the  measured 
veloci ty .  It  may sometimes be d i f f i c u l t  t o  estimate the  t r a v e l  t i m e s  
accurately. The t r a v e l  t i m e s  used w i l l  be the  separation between the 
(negative) peak of the substorm and the  peak of the TID associated "bump" 
i n  the content curve f o r  Stanford. It  w i l l  be assumed t h a t  the TID 
speeds are constant and do not vary w i t h  posi t ion.  By making these 
assumptions, one can ca lcu la te  the distance t raveled by the TID, I f  
t h a t  distance agrees reasonably w e l l  w i t h  t he  average distance determined 
i n  Chapter 11, then it  would appear j u s t i f i a b l e  t o  claim a connection 
between the two events. I f  the two dis tances  clo not agree, then e i t h e r  
the two events are not r e l a t ed  or one or more of the  assumptions, 
including the assumption tha t  the average model i s  cor rec t ,  is  i n  e r r o r ,  
The problem of which substorm t o  attempt t o  relate t o  a given TID becomes 
very d i f f i c u l t  during l a rge  geomagnetic storms when many substorms occur. 
Unless the  substorm separat ion is  s u f f i c i e n t l y  large, it i s  not possible 
t o  assoc ia te  substorms and TIDs given only the  ve loc i ty  and t i m e  of 
o r ig in ,  Additional inform t i o n  related t o  the  locat ion of the  or ig in  
must be provided. 
substorms the problem i s  g r e a t l y  s implif ied,  The f irst  examples studied 
w i l l  be f o r  such w e l l  i so l a t ed  cases, 
However, f o r  the case of w e l l  i so la ted  TIDs and 
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B, Examples 
Figure 3-2 shows data  for March 16, 
are displayed i n  such a fashion tha t  only 
fag,  Wo THDs are  apparent near l9OQ PST 
e speed of the f i r s t  THD i s  1300 m 
'P969, The four content curves 
r e l a t i v e  changes have m y  me 
and are  indicated by the arrows, 
That of the second is  5 
OCCUFB at Sodmkyla and Leirvogur near 17'50 PST, A t  Great 
hale the substorm has a more C Q ~ ~ P ~ X  s t ruc ture  and i n  f a c t  it is possible 
wo separate  substorms occurred. PIoweve~, because of the closeness 
of the bays-8 separation of about 20 minutes--it i s  assumed t h a t  only 
one substc~rm d i d  occur, No other  substorms are apparent for more than 
twelve hours preceding Ithe substorm a t  1750, A second substorm oc@urs 
near 2280 BST, a f t e r  the THBs are  observed a t  midlati tudes.  
the two THDs or iginated i n  a s ing le  substorm at  1750 PST, the f i r s t  re- 
qLIAred 50 nraimutes to reach Stanford,  the  second PI5 minutes. 
imply dis tances  t raveled of 3900 and 4000 km f o r  the  two disturbances. 
The t heo re t i ca l  value based on the r e s u l t s  of Chapter II i s  4200 knt f o r  a 
substorm at 1 00 PSTa T h i s  close agreement suggests strongly that  the 
substorm and T I D s  are re la ted .  
These times 
The substorm observed a t  2200 PST d i d  not produce a d teet able TSD e 
I f  a TPD had been produced, it would have arr ived at Stanford mar 2400, 
assuming a speed of 500 m s An inspection of records near t ha t  t i m e  
revealed no signature whlch could be related t o  a TID, 
observation of a THD may be due t o  the  f a c t  t h a t  t he  substorm produced 
no THD o r  t h a t  the content was so depressed at tha t  t i m e  t ha t  it w a s  not 
detectable ,  
-1 
This Pack of 
Figure 3-3 shows a second simple case, On January 25, 1969, a 
s ingle  TID,  indicated by the  arrows, w a s  observed t rave l ing  southwards 
-3. w i t h  a speed of 725 m s 
t o  be medium scale THDs at Stanford, numerous other  ttbumpstt are  apparent; 
however, only one gives a reasonable agreement w i t h  the  observations at 
the  other  s ta t%ons,  From the  $e n e t i c  records, a substorm occurs at 
1650 PST, following 8 period during which t h e  records are  reasonably 
quiet  f o r  more than four  hours. 
as a small pos i t ive  bay at College, 
distance t rave led  of 3650 km i s  calculated,  whereas 
of Chapter IH suggests 4400 km, 
the  spike apparent near 1200 PST on the  Leisvogur record were assumed 
e Because of the  occurrence of what appears 
Note t h a t  t he  substorm I s  v i s i b l e  only 
Assuming a substorm a t  1650 PST, a 
the simple theory 
Again the  agreement is reasonable, If 
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LEIRVOGUR 
GREAT WHALE 
COLLEGE 
16 MAR 1969 
/ CLARK LAKE 
0 12 
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24 
Fig. 3-2, COMPARISON OF GEOMAGNETIC RECORDS WITH 
ELECTRON CONTENT DATA FOR 16 MARCH 1969. The 
horizontal component of the geomagnetic field is 
shown. The arrows indicate large scale TIDs. 
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Fig, 3-3. A COMPARISON FOR 25 JANUARY 1969, 
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t o  be related t o  the source, a distance of about 14,000 km would be sug- 
gested,  This value i s  much too  l a rge  and i s  therefore  rejected. 
The two cases which have been presented show t h a t  a reasonable 
connection can be es tab l i shed  between TIDs and substorms f o r  simple cases,  
A somewhat more complicated case i s  shown i n  Figure 3-4. Eight TIDs were 
seen a t  Stanford on September 1, 1967. 
curve. The substorm t o  which they are apparently r e l a t ed  are labeled w i t h  
corresponding numbers. N o  obvious substorm can be associated w i t h  TID 
number 2, although it may be related t o  one of the  small bays between sub- 
storms 1 and 3. TIDs 4 and 4b appear t o  have or iginated i n  substorm 4, 
which occurs near t h e  t i m e  when the coverage i s  poorest ,  i.e., midnight 
between College and Sodankyla, 
i n  t h e  magnetometer record. TID number 6 matches best w i t h  substorm 
number 6, but t he  substorm labeled 6? i s  a possible  candidate. This l a s t  
case i l l u s t r a t e s  t h e  d i f f i c u l t y  which occurs when substorms occur c lose ly  
together: The calculated dis tances  f o r  more than one substorm may appear 
reasonable and no clear-cut choice can be made. 
They are numbered on the  content 
This probably explains the small s ignature  
F ina l ly ,  Figure 3-5 i l l u s t r a t e s  a very complex case. On May 2, 1967, 
numerous but f a i r l y  w i d e l y  spaced TIDs were observed. During the  same 
period, a number of small substorms a l s o  occurred. On May 3, 1967, many 
TIDs and many substorms are apparent. Because of the  very close spacing 
of substorms, it is  not possible  t o  relate pa r t i cu la r  substorms t o  pa r t i -  
cu l a r  TIDs ,  However, it can be seen t h a t  the  frequency of occurrence of 
TIDs  increases  dramatically w i t h  the la rge  increase i n  the rate of 
occurrence of substorms. Few T I D s  are  seen during the  night probably 
due t o  the  low e lec t ron  content. That many of the substorms appear t o  
occur only at College i s  due t o  the loca t ion  of the observatories w i t h  
respect  t o  the  aurora l  oval. College is  the  most su i tab ly  located f o r  
detect ing substorms during t h i s  period. 
The examples i n  t h i s  sec t ion  have i l l u s t r a t e d  the f a c t  t ha t  a 
convincing co r re l a t ion  between individual  T I D s  and substorms can be 
made only f o r  r e l a t i v e l y  quiet  conditions. I n  order t o  examine the  
re la t ionship  between TIDs and substorms more ca re fu l ly  f o r  d is turbed  
conditions,  a s ta t is t ical  approach w i l l  be used i n  the  following section. 
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F i g .  3-5. A COMPARISON FOR 2 AND 3 MAY 1967. 
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E, Stat is t ical  Approach 
Since it i s  not always possible  t o  p a i r  TIDs and substorms mam- 
bfguously, an a l t e r n a t e  approach w i l l  be used t o  study t h e i r  re la t ionship ,  
A f a i r l y  la rge  number of periods (a t o t a l  of 28)  during which TIDs were 
detected at Stanford were selected for study, The t i m e  i n t e rva l  within 
which TIDs occurred i n  each case was establ ished and the  number of TPDs 
counted, Then assuming t h a t  the  TIDs required at l e a s t  one but less 
than f i v e  hours t o  t r a v e l  from their  source, a t i m e  i n t e rva l  w a s  estab- 
l i shed  f o r  which the  number of substorms w a s  CQUnted, The following 
de f in i t i on  was used to define a substorm: any bay (posi t ive or negative) 
with a magnitude g rea t e r  than 250 y and with a 20 minute or l a rge r  
separat ion from another bay. This def in i t ion  is  qui te  arbitrary and 
appl icat ion of it requires  a ce r t a in  amowt of judgement. I n  a sense, 
then, t he  number of substorms counted i s  somewhat subjective.  Figure 
3-6 shows the  r e su l t s  f o r  t he  28 i n t e rva l s ,  A good cor re la t ion  between 
NUMBER OF SUBSTORMS 
Fig. 3-6, COMPARISON OF THE NUMBER OF TIDs OBSERVED 
W I T H I N  A NUMBER OF INTERVALS WITH THE NUMBER OF 
SUBSTORMS OC@LTRRING WITHIN THOSE INTERVALS, 
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the  number of substorms and TIDs  is apparent. The f a c t  t h a t  the number 
of substorms is general ly  l a rge r  than t h e  number of TIDs within an i n t e r -  
va l  is  probably due t o  an i n a b i l i t y  t o  detect TIDs with very small ampli- 
tudes and a l s o  t o  the  p o s s i b i l i t y  t h a t  not a l l  substorms produce TIDs. 
The frequency of occurrence of substorms t h e i r  "periodicity",  var ies  
appreciably from case t o  case for the data  i n  Figure 3-6. Since the same 
t i m e  i n t e r v a l s  w e r e  used, t he  "periodicity" of the  LS TIDs var ies  i n  a 
similar manner. The good agreement evidenced i n  Figure 3-6 f o r  such a 
s izeable  sample of substorms s t rongly suggests an important connection 
between t h e  fundamental mechanisms involved i n  producing the atmospheric 
waves related t o  t h e  ES T I D s  and the occurrence of polar substorms, 
F. Location of the Source of Large Scale TIDs 
It has been shown t h a t  it i s  possible  t o  associate  individual  
substorms with individual  LS TIDs, In  addi t ion it is  possible ,  by 
making a number of assumptions, t o  estimate the distance t raveled by 
a TID before it i s  detected. Using such a distance,  along with the  
measured d i rec t ion  of t r a v e l ,  it is possible  t o  ca lcu la te  the  apparent 
o r ig in  of t h e  atmospheric disturbance which produces the TID, With $his  
approach the  source loca t ion  may be examined i n  more d e t a i l  than could 
be done i n  Chapter 11, when only the  measured d i rec t ion  of t r a v e l  of the 
disturbances w a s  used. 
Figure 3-7 i s  a p lo t  of the  calculated distances t raveled by a 
number of TIDs before detect ion at Stanford versus the  times of the  
peaks of the  substorms which appear t o  be the  sources of the  disturbances. 
Each point i s  f o r  a s ingle  TID, 
can be explained by t h e  f a c t  t h a t  any disturbances or ig ina t ing  during 
those hours would a r r i v e  over t he  western United S ta t e s  a t  the most un- 
favorable t i m e  f o r  detection. The distance which a disturbance or ig ina t ing  
at dipole  midnight at 6S0 N dp la t i tude  would t r a v e l  (dashed l i ne )  i s  
p lo t t ed  along with t h e  distance f o r  a source at 1900 dp t i m e  and 7S0 N dp 
l a t i t u d e .  The Patter i s  the  average loca t ion  calculated i n  Chapter 11, 
It is  readi ly  apparent t h a t  the agreement i s  much better f o r  t h e  previously 
calculated average loca t ion  than it  is  f o r  a source a t  dipole midnight. 
The poor coverage from 0600 t o  1400 UT 
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Fig. 3-7, CALCULATED DISTANCES TRAVEWEDBY A NUMBER OF TIDs VERSUS TIME 
OF ORIGIN. The curves are theo re t i ca l  distances: the dashed l i n e  
for a source at 2400 dipole t i m e  and 68' N dp l a t i t u d e ;  the so l id  l i n e  
for a source at 1900 dipole t i m e  and 78' N dp l a t i t u d e ,  
Assuming t h a t  t h e  d i rec t ion  of t r a v e l  for these disturbances does 
not vary as they move toward the  south, it i s  possible  to determine the  
loca t ion  of t h e  o r ig in  of LS TZDs using t h e  calculated distances and 
measured azimuths. Figure 3-8 shows, i n  dipole coordinates, t he  calcu- 
la ted point of o r ig in  f o r  a number of disturbances, The coordinates 
are l o c a l  dipole t i m e  and dipole l a t i t u d e ,  
auroral  oval, a region i n  which aurora are seen 75% of the  t i m e  or more 
i n  the  zeni th  [Feldstein,  19631, 
t he  d i rec t ion  toward Stanford at the  t i m e  of or ig in ,  The number beside 
t h e  arrow is the auroral  electrojet index, i n  100's of gammas, coores- 
ponding to the  peak d t he  substorm during which the  disturbance o r ig i -  
nated,  There does not seem t o  be a cor re la t ion  between the s i z e  of t h e  
substorm and t h e  loca t ion  of t he  source, me cross with a circle around 
it i s  t h e  average loca t ion  of the  source determined i n  Chapter 11, 1900 
dp t i m e  and 78' N dp l a t i t u d e ,  
dp l a t i t u d e  i s  t h e  average of the  points  p lo t ted ,  The agreement between 
the two average loca t ions  is  excellent. 
The hatched area is  the 
The arrow attached to each point shows 
The second cross a t  1840 dp t i m e  74O N 
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An estimate of the  e r r o r  i n  the calculated source locat ions is  i l l u s -  
trated i n  Figure 3-9, The coordinate system i s  the same as w a s  used i n  
Figure 3-8; however, only a s ing le  point is  p lo t ted ,  The "circle"  around 
the point is  an estimate of the  e r r o r  i n  i t s  posi t ion based on a f. 5 O  
accuracy i n  measured azimuths and 
distance traveled. 
the assumptions made are va l id ,  The important point t o  note concerning 
Figure 3-9 i s  that the e r r o r  s i z e  is  qui te  small compared t o  the s i ze  
of the auroral  oval, 
that the ac tua l  source of the disturbances l ies i n  the evening sector  of 
the oval. 
has been fo&d, it is  understood that the source of the  disturbances i s  
most l i k e l y  not a point ,  but ins tead  probably has considerable size.  Since 
the e r r o r  circle shown has f a i r l y  large dimensions, s l i g h t l y  over a 1000 
km diameter, it might be conceptually useful  t o  consider the source t o  
be ins ide  or primarily ins ide ,  that  circle, rather than at a s ingle  point ,  
10 per cent accuracy i n  ca lcu la t ing  the 
These seem t o  be reasonable uncer ta in t ies  provided 
Hence, it can be said w f t h  reasonable confidence 
Although the  "point" of or ig in  of a number of disturbances 
G o  Discussion 
This chapter presents  several  important r e su l t s .  First, it is  
possible  t o  associate  individual substorms and LS TIDs f o r  simple casess 
Secondly, it is s t a t i s t i c a l l y  possible t o  relate substorms and LS TIDs  
for both f a i r l y  quiet  and h ighly  disturbed conditions. The r e s u l t s  
obtained provide strong support f o r  the contention that LS TIDs  or ig ina te  
during polar  substorms, Furthermore, it has been shown tha t  it i s  possible 
t o  ca lcu la te  the Pocactfon of the source of LS TIDs  on an event-to-event 
basis, Tfae glethod used is  considerably more'powerful than that used i n  
ter  P I ,  but the r e s u l t s  a r e  i n  good agreement w i t h  those obtained 
$here. They provide very strong evidence that  the  source of these d i s -  
turbances is  i n  the evening sec tor  of the auroral  oval, a f ac to r  which 
considered i n  attempting t o  construct a model f o r  the mechanism 
by which the disturbances a re  produced, 
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CHAPTER I V  
EXPERIMENTAL INVESTIGATION OF THE DAMPING 
RATE OF THE ATMOSPHERIC DISTURBANCES WHICH CAUSE LARGE SCALE TIDs  
I t  i s  of i n t e r e s t  t o  learn  the r a t e  a t  which the  atmospheric d i s -  
turbances which produce la rge  sca le  TIDs  are  damped, Since the data 
used i n  the present study are columnar e lec t ron  content measurements, 
it i s  log ica l  t o  attempt t o  determine the r a t e  of damping of these d i s -  
turbances from a study of the amplitudes of the per turbat ions they produce 
i n  columnar e lec t ron  content a t  two locat ions.  
In  determining the rate a t  which a disturbance is  damped i t  i s  
best t o  make measurements a t  points  which are  located such t h a t  the l i n e  
separat ing them is p a r a l l e l  t o  the d i rec t ion  of t r ave l .  The d i s tur -  
bances causing LS T I D s  t r a v e l  vary near ly  from geomagnetic north t o  
south i n  the northern hemisphere. A s  can be seen i n  Figure 2-6 ,  the 
300 km ionospheric points  on the raypathsfrom both Stanford and Edmonton 
t o  ATS-I l i e  very near ly  on the same dipole meridian. Hence, the  l i n e  
connecting these two points  is  approximately p a r a l l e l  t o  the d i rec t ion  
of t r a v e l  of the disturbances a t  a l l  times. T h i s  provides a very near ly  
idea l  geometry f o r  studying the rate a t  which the  atmospheric disturbances 
which cause la rge  sca le  TIDs  are  damped. 
The analysis  required t o  inves t iga te  the  r a t e  of damping of the  
atmospheric disturbances i n  terms of content per turbat ions observed a t  
two points  w i l l  be developed i n  the  following sec t ion  f o r  the case of 
small damping of a s inusoidal  atmospheric wave. Then t h i s  analysis  will 
be used along w i t h  observations of TIDs made a t  Stanford and Edmonton 
t o  study the rate of damping of the atmospheric disturbances which cause 
the ionospheric disturbances which have been observed. 
A. Analysis 
The rate of damping of an atmospheric wave w i l l  be found by f i rs t  
determining the r a t i o  between values of the energy f lux  associated w i t h  
the wave observed a t  two points  along the  path t raveled by the  wave i n  
terms of the dis tances  of the points  from the source of the wave and 
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the  rate of a t tenuat ion of the wave, 
f luxes  observed at t h e  two points  w i l l  be found i n  terms of e lec t ron  
content per turbat ions.  Using the  t w o  r e l a t ions ,  the  at tenuat ion r a t e  
may be found d i r e c t l y  i n  terms of the content per turbat ions observed a t  
two s t a t ions ,  
Secondly, the r a t i o  between the 
The instantaneous energy f l u x  associated with an atmospheric wave 
i n  a nonviscous medium i s  given by 
3 
F = Pn$n = 'Pno + p i  1 8n (4-1) 
where Un is the ve loc i ty  of the  neut ra l  gas associated wi th  the wave and 
p i s  the t o t a l  pressure. pno i s  the unperturbed pressure and p' i s  
the  pressure per turbat ion due t o  the wave. When t h i s  f l ux  i s  averaged 
over a cycle,  t he  contr ibut ion due t o  p 8 vanishes. For the  waves of 
i n t e r e s t ,  the  v e r t i c a l  ve loc i ty  is much less than the horizontal  ve loc i ty  
so t h a t  only the horizontal  component of Eq, (4-1) w i l l  be considered, 
PA rn' 
re 1 a t  i on ; 
n. n 
no n 
can be r e l a t ed  t o  U t he  horizontal  ve loc i ty ,  by a polar izat ion 
6 and Cp are functions of height.  
i s  obtained from a model of wave propagation. 
t o  have the  form e e When the e f f e c t s  cjf v i scos i ty  are  included, 
p and Urn w i l l  be modified somewhat as compared t o  the  nonviscous 
case, However, even using these modified values,  Eq. (4-1) w i l l  not 
give the  complete energy f lux ,  since there  i s  now a flow of energy 
associated with the viscous forces  [cf, Pitteway and Hines, 19631, 
the  case of s m a l l  damping, %,e,, energy f l u x  associated w i t h  viscous 
forces  much less than the energy f l u x  of the wave, Eq. (4-1) may s t i l l  
be used. The approach which w i l l  be used here is t o  first assume a 
small damping rate, carry through the  analysis  and then determine whether 
the  damping rate obtained, using the analysis  along with the observations, 
i s  consis tent  with the  o r ig ina l  assumption of small damping. 
The r a t i o ,  tseiCp, between p' and U n r n  
and Urn are  assumed 'n i w t  
For 
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A coordinate system w i l l  be used i n  which z i s  the distance from 
the surface of the earth and r i s  the  radial  distance from the source 
of the  wave. It  w i l l  be assumed t h a t  U has the following form: r n  
Urn = A exp i ( w t  - 0 (4-3) 
where 
Kr = kr - i C y  r 
and 
K = k - i ( C y z l  - QZ2) 
2 Z 
CY is  the  rate at which Urn i s  attenuated i n  the horizontal  d i rec t ion ;  
Cy is  the rate of damping i n  the  v e r t i c a l  direct ion.  This damping i s  
due t o  the e f f e c t s  of v i scos i ty  and heat conduction. 
growth of wave amplitude with height due t o  the decreasing density. 
Theref ore ,  
r 
21 
Cye2 is  the rate of 
Urn = A. exp(- JCyrdr) exp[ J(Q 22 - azl)dz] exp i ( w t  - Jkrdr - Jkzdz) 
(4-4) 
U may be wr i t ten  as r n  
Urn = Uo(r,z) exp i ( w t  - 
The t i m e  averaged energy f l u x  i s  then 
1 2 F = 5 E U ~  (r, z) cos cp r 
(4-5) 
Consider now the  flow of power away from the source. Figure 4-1 
shows a s m a l l  tube through the  atmosphere a t  some height h e  The tube i s  
of angular width A @ ,  v e r t i c a l  w i d t h  Ah and or ig ina tes  a t  the source. It  
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Fig. 4-1. DIAGRAM OF THE S m  TUBE THROUGH THE 
ATMOSPHERE USED IN THE CALCULATIONS, 
50 
i s  assumed t h a t  the  cross  sec t ion  of the tube i s  so small t h a t  F is  
constant over it. 
r 
Then the flow of power through the tube i s  given by 
Tir = r rdedz = d r A 9 A h  (4-7) 
Hence 
Since P i s  proportional t o  exp(-2f i rdr) ,  so i s  P and P may r r '  r 
be wr i t ten  as 
where Po is  the  power flow i n t o  the tube a t  t he  source. 
Theref ore -2 Sardr 
P e  
0 -- 
r - rA6Ah (4- 10) 
1 The r a t i o  between f luxes  a t  two points  located a t  distances r 
and r from the  source is  given by 2 
- 
r 2 r 1 2 (t2 a dr -{'a dr) ardr]  (4-11) F - = -  
r o r  2 r 
1 r 
F 
The r a t i o  rl/r2 is due t o  the changing distance from the source, which 
r e s u l t s  i n  changes i n  the  cross-sectional area of the  tube. The exponen- 
t i a l  term r e s u l t s  from the  at tenuat ion of the  wave as it t r ave l s ,  
It  w i l l  be shown i n  Chapter VI11 t h a t  t h e  per turbat ion i n  e lec t ron  
content caused by an atmospheric wave may be wr i t ten  as 
1 I' = mhUrnh o (4-12) 
51 
where Io i s  the  unperturbed content,  Urnh i s  the amplitude of the hori-  
zontal  gas  ve loc i ty  a t  height h and % i s  a constant of proport ional i ty  
which is  evaluated numerically using t he  approach out l ined i n  Chapter V I I I ,  
% depends upon the  d i s t r ibu t ion  of ionizat ion,  t he  parameters of the 
wave and the  path along which I is determined. The amplitude of the  
ve loc i ty  a t  height h may be expressed i n  terms of the r e l a t i v e  perturba- 
t i o n  i n  e lec t ron  content,  R,  
(4-13) 
Hence 
(4-14) 
and 
(4-15) 
Assuming now that  the  shape of the v e r t i c a l  var ia t ion  i n  amplitude 
does not change with pos i t ion  along the  path of t r a v e l ,  the  r a t i o  between 
the f luxes  a t  two points  located at distances r and r from the  source 1 2 
may be found. 
2 
Using Eq, 4-11 t h e  fluxes may be eliminated to  give 
(4-16) 
(4-17) 
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whence 
2 
r 
1 
(4-18) 
Assuming t h a t  t he  ra te -of  a t tenuat ion does not vary between the  two 
loca t ions  (or  t h a t  CY r 
Eq, (4-18) may be simplified t o  give 
i n  the  following equation is  an average value), 
(4-19) 
This expresses the  rate at which t h e  amplitude of the atmospheric wave 
i s  damped i n  terms of the content perturbations observed at two points  
at distances r2 and r from the  source. 1 
The most important assumptions linvolved i n  obtaining Eq. (4-19) 
w i l l  now be discussed i n  order t o  make very clear the  meaning of any 
CY ' s  found using t h i s  expression, It  w a s  assumed that the  shape of the 
v e r t i c a l  va r i a t ion  of amplitude does not vary with posit ion along the  
path of t r ave l .  Since the  v e r t i c a l  amplitude va r i a t ion  has been assumed 
t o  have the  same shape a t  both observing points ,  II$~/II$~ is  independent 
of h,  because 
r 
R1 %l R1/Uhl a -  
2 
Hence, CY determined by Eq. (4-19) is  independent of height, and r 
is  independent of t h e  height f o r  which the  m ' s  are evaluated. Actually 
it is  expected t h a t   CY^ should increase with height. 
I n  order t o  determine m, some model f o r  t he  height va r i a t ion  of 
t he  wave amplitude must be adopted, i n  t h e  absence of any addi t iona l  
information about t he  v e r t i c a l  s t ruc tu re  of t h e  wave, The accuracy of 
Q i s  l i m i t e d  by t h e  accuracy w i t h  which the  height va r i a t ion  of ampli- 
tude can be specif ied.  In  addi t ion,  unless t he  ac tua l  e lec t ron  concentra- 
t i o n  p r o f i l e  i s  known, the  accuracy of CY is fu r the r  decreased. It seems 
r 
r 
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probable that  the g rea t e s t  weakness associated with Eq. (4-19) l i es  i n  
the determination of the m ' s .  The value of CY determined can most reason- 
a b l y  be considered as only a crude average value of the  a t tenuat ion rate,  
r 
Other important l imi t a t ions  a l s o  apply, To use the method which 
has been outlined, columnar content must be measured a t  two points  along 
the raypath of the wave. If it  is  not,  the addi t ional  assumption must 
be made t h a t  the wave amplitude does not vary across the wavefront. Also, 
the method w i l l  give misleading r e s u l t s  i f  there i s  a la rge  v e r t i c a l  com- 
ponent of power flow, The p o s s i b i l i t y  of interference e f f e c t s  due t o  the 
f i n i t e  s i z e  of the source has been neglected. In  the preceding calcula-  
t i o n  the  p o s s i b i l i t y  of a decrease i n  wave amplitude due t o  dispers ive 
propagation was not discussed s ince  a monochromatic wave w a s  assumed. 
For the atmospheric disturbances causing large scale TIDs ,  much of the 
energy is  associated with low frequencies (periods > 1 hour). Based  on 
the theo re t i ca l  dispersion r e l a t ions  f o r  atmospheric waves, l i t t l e  d i s -  
persion is  expected a t  such low frequencies and it can probably be neg- 
lected 
Figure 4-1 implies t h a t  a pecul ia r ly  shaped source has been assumed, 
i s e r 9  a v e r t i c a l  l i n e .  I t  has not been intended t o  suggest such a shape. 
The method out l ined should only be used a t  points  w e l l  away from the 
source; a t  such loca t ions ,  the  ac tua l  shape of the  source region is  pro- 
bably not too important if the  observing points  are on the  raypath of the 
waves and in te r fe rence  e f f e c t s  are negl ig ib le ,  
B. Experimental Resu l t s  
Figures 3-2 and 3-3 show examples of i so l a t ed  TIDs which can be seen 
a t  a number of s t a t i o n s  as they t r ave l  southward, I n  both cases the per- 
tu rba t ion  i n  the  content seems t o  be smaller a t  Stanford than a t  Edmonton.. 
Numerous examples O f  LS TIDs which are v i s i b l e  a t  both Stanford and 
Edmonton have been obtained, Using these data, it is  possible  with Eq, 
(4-19) t o  obtain an estimate of the  rate a t  which the disturbances causing 
them are damped, The same e lec t ron  concentration p ro f i l e s  are used for 
both Stanford and Edmonton i n  obtaining values f o r  m, However, the d i f -  
f e r en t  geometries and  d ip  angles r e s u l t  i n  d i f f e ren t  values f o r  m a t  the 
two s t a t i o n s  as is  shown i n  Chapter V I I L ,  
Determination of the  distance t raveled by LS TIDs involves a number 
I t  w i l l  be assumed tha t  of assumptions, as was discussed i n  Chapter 111. 
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the dis tance t rave led  i s  given by 
r = VAT (4-20) 
where v i s  the measured speed and AT i s  the t i m e  between the  peak of the 
substorm which 
perturbation i n  the content. Eq. (4-19) may be rewri t ten t o  give 
i s  thought t o  be the  source and the peak of the associated 
(4-21) 
where Ar is  the dis tance between the 300 k m  ionospheric points ,  along 
the geomagnetic meridian, and the  subscr ip ts  "S" and "E" refer t o  Stanford 
and Edmonton respect ively.  I n  cases i n  which the t i m e  of or ig in  of a TID 
cannot be estimated, the distance from the  average source w i l l  be used t o  
evaluate Eq. (4-19) e 
The most d i f f i c u l t  task involving the  data is  t h e  estimation of 
the  content per turbat ion.  The value which w i l l  be used i s  the maximum 
deviation from what appears t o  be the unperturbed curve. 
a high pass f i l t e r  i s  used t o  remove the  diurnal  var ia t ion.  As the 
Edmonton data shown i n  Figure 3-3 s t rongly  suggest, the disturbances a re  
of ten  more pulse l ike  than sinusoidal. 
In  essence, 
The production of TIDs by in t e rna l  atmospheric g rav i ty  waves w i l l  
'be considered i n  P a r t  11. Results are presented i n  Chapter V I 1 1  f o r  two 
models f o r  t he  coupling between motions i n  the neut ra l  atmosphere and the 
r e su l t i ng  perturbations i n  the ionizat ion.  The simpler model assumes that 
the atmospheric wave only moves ion iza t ion  along the f i e l d  l i n e s  v i a  col- 
l i s i o n s .  This model i s  labeled the co l l i s ion  geomagnetic equilibrium 
(C.G.E.) case. The other  model used i s  more complete and considers the 
effect  of the wave on losses  and on plasma diffusion;  f o r  s impl ic i ty  it 
w i l l  be called the  " fu l l "  or "complete" model, 
Chapter V I 1 1  w i l l  be used here t o  provide values f o r  the m ' s  i n  Eq. (4-21) 
I n  determining the  values f o r  the m ' s ,  an atmospheric wave w i t h  a 3000 k m  
wavelength, a period of 90 minutes, an amplitude of 20 m s a t  200 km, 
and propagating from dipole north t o  south w a s  used. The approximations 
and l imi t a t ions  of the models used i n  obtaining these m ' s  w i l l  be d i s -  
cussed i n  P a r t  11. 
The r e s u l t s  obtained i n  
-1 
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For the  C,G,E, case and the "standard" wave described above, 
%/ms = 0,54; f o r  the complete model used the r a t i o  is  0.62, 
1530 km. 
Q f o r  t he  C.G,E, case i s  7,2 x 
3,O x 10-40 
deviation of 3.0 x 10 
5,5 respect ively,  
a t ion  i n  parameters from case t o  case or t o  the f a c t  t ha t  the models 
used may be poor approximations f o r  ce r t a in  disturbances. A l l  of the 
Ar is  
Using these values and a sample s i z e  of 1 2 ,  the mean value of 
For the  f u l l  model CY is 6,4 x IO-' k m  
km-I with a standard deviation of 
-1 
w i t h  a standard 
-4 
e I n  terms of db/l000 km, these become 6.3 and 
The la rge  standard deviation may be due t o  a var i -  
disturbances i n  the group studied occurred during l o c a l  daytime and 
only i so l a t ed  events w e r e  included, i a e e ,  no TIDs occurring during 
la rge  storms were considered, since at those t i m e s  the  analysis  of 
Pa r t  I1 is  least val id .  This r e s t r i c t i o n ,  pliis a l i m i t e d  amount of 
data,  r e s u l t e d  i n  the  small sample s ize .  
e. Discussion 
I n  the  course of our observations no la rge  sca le  TIDs have been 
detected t rave l ing  from south t o  north. However, it w i l l  be shown i n  
Chapter V I 1 1  ( c f g  Figure 8-5 )  t ha t  the s e n s i t i v i t y  of our observing 
technique is such -&?at disturbances coming from the  south should be detec- 
table,, A s  w a s  discussed i n  Chapter 11, the lack of observations of 
disturbances t rave l ing  across the equator has been a t t r i bu ted  t o  a 
damping of the  atmospheric disturbance t o  such an extent that  it i s  
undetectable when it reaches the midlati tudes of the hemisphere oppo- 
s i te  t o  that  i n  which it originated.  It  i s  in t e re s t ing  t o  examine t h i s  
point fu r the r  e 
A s  Figure 2 - l l a  shows, disturbances w i t h  a r e l a t i v e  r m s  amplitude 
a s  la rge  as s i x  per cent seldom occur a t  Stanford. However, r e l a t i v e  
amplitudes below one per cent are d i f f i c u l t  t o  detect. (It is  worth 
pointing out t h a t  t he  de t ec t ab i l i t y  threshold f o r  disturbances coming 
from the  south i s  probably highest  when they are most l i k e l y  t o  occur, 
t ha t  is ,  during geomagnetically disturbed conditions when many d is tur -  
bances a r r ive  from the north and possibly mask any smaller disturbances 
a r r iv ing  from the  south.) Stanford i s  a t  about 40' N dp l a t i t u d e ,  
Assume t h a t  the  statist ics of disturbances at 40' S dp l a t i t u d e  are the  
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same as  at 40" N, 
would be an unusually la rge  disturbance a t  40° S. In  additon, the 
s e n s i t i v i t y  t o  disturbances coming from the  south i s  about 0.6 tha t  f o r  
disturbances coming from the  north ( c f ,  Figure 8-51, Therefore, assuming 
a source a t  the south dipole pole which produces a disturbance which has a 
s i x  per cent amplitude a t  40' S dp l a t i t u d e  and a one per cent amplitude 
a t  40" N dp l a t i t u d e ,  Eq, (4-19) implies that the r a t e  of damping i s  
Then a disturbance with a s i x  per cent amplitude 
&-le T h i s  i s  the maximum damping r a t e  a disturbance or iginat ing 
i n  the  southern hemisphere could have and st i l l  be detectable at Stanford 
(assuming, of course, t ha t  a s i x  per cent amplitude a t  40" S dp l a t i t u d e  
i s  unusually la rge) .  T h i s  ca lcu la t ion  includes the e f f ec t  of angular 
spreading, but neglects  possible  refocusing at the antipode of the 
source. I f  the  rate of damping is  higher than t h i s ,  disturbances should 
not normally be detectable  i n  the midlati tudes of the hemisphere opposite 
t h a t  i n  which they or ig ina te .  
-4 -1 An atmospheric wave which had CYr = 10 k m  and a wavelength of 
3000 km would have i t s  amplitude attenuated by about 25 per cent i n  one 
wavelength. 
analysis  of t h i s  chapter should be applicable t o  waves with such an C Y r e  
Note t h a t  the  values of Cy ca lculated i n  the  preceding sect ion a re  much 
longer than 
a standard deviation i s  st i l l  3,4 x 10 km e These r e s u l t s  indicate  
t h a t  cyr is  considerably l a rge r  than i s  necessary t o  prevent observation 
of t ransequator ia l  propagation. However, the  f a c t  t ha t  the calculated 
CY ' s  are so la rge  implies t h a t  i t  i s  r e a l l y  not j u s t i f i a b l e  t o  use the  
simple theory of t h i s  chapter t o  ca lcu la te  the damping r a t e  of the 
atmospheric disturbances which cause la rge  scale TIDs ,  
This would seem t o  be a case of llsmall" damping and the  
r 
km-'. I n  f a c t ,  for t he  f u l l  model the average ar minus 
-4 -1 
r 
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C W T E R  V 
!PI33 SOURCE OF U R G E  SCALE TXDs 
The preceding chapters have discussed the morphology of large 
scale TfDs and have shown that it i s  possible t o  relate them t o  polar 
substorms, The physics of the source of the disturbances has been 
lec ted ,  This chapeer w i l l  first review various suggestions for the 
mechanism Involved i n  producing the atmospheric disturbances which cause 
the TKDs, Next the problem of using experimental observations t o  deler- 
mfne a source mechanism w P l l  be discussed, Following t h i s  discussion 
t i o n s  concerning the source physics are made. The principal  
conclusion is that  the source may possibly be related t o  the westward 
t rave l ing  surges which are  observed i n  aurora. 
A number of workers have discussed the physics involved i n  pro- 
ducing the atmos rfc disturbances which cause large scale  TIDs, Most 
of these discass%oeas are based upon mechanisms re la ted  t o  the flow of 
electric currents  i n  the auroral  regions. 
T, Gold i n  a personal camrnunication t o  G ,  Thome i n  1963 [Thome P' 
19681 suggested that the disturbances may be produced i n  the  following 
manner: s ince most auroral  energy is eventually deposited i n  the polar 
atmosphere as heat, the atmosphere w i l l  expand, w i t h  the thermal energy 
being converted t o  poten t ia l  energy, The "bulge" i n  the polar atmos- 
ys by rad ia t ing  atmospheric disturbances, _I__ Cole [1962] has 
estimated that due t o  Joule heating the scale height of the polar atmos- 
phere at 950 Tsm se by a f ac to r  of f i v e  during moderate geo- 
e t I c  storms. Thome [a9681 estimated that  the  energy avai lable  from 
i en t  t o  power the disturbances he observed, 
[1963, 19643 has suggested that the d i  
in the  neut ra l  atmos here caused by charged par- 
t i c l e s  moving %n the  d i rec t ion  of t h e  e l e c t r i c  f i e l d  which e x i s t s  during 
r iods of enh ced a c t i v i t y ,  
58 
The only quant i ta t ive  s tud ies  of the  problem appear t o  have been 
attempted by Chimonas [1968], Blumen and Hendl [1969], and Chimonas and 
Hines [1970a]. 
the Lorentz force ,  J x Bo, on the auroral  ionizat ion,  which i s  transmitted 
t o  the  neu t r a l s  by co l l i s ions .  
flowing during periods of auroral  a c t i v i t y  and B 
f i e l d .  Using a sfmple model, he w a s  able t o  suggest t h a t  such a mechanism 
seems capable of producing la rge  scale TIDs,  Blumen and Hendl have 
examined the  problem of coupling energy i n t o  atmospheric wave motions 
through Joule heating. Again, the  currents  considered were those 
occurring during geomagnetically disturbed periods. Chimonas and Hines 
considered both the Lorentz force and Joule heating. However, they 
were not able t o  conclude which i s  the more important due t o  lack  of 
information concerning the nature of auroral  currents .  
Chimonas considered the  production of disturbances by 
The current ?is the enhanced current 
3 +  
+ 
i s  the geomagnetic 
0 
French [1968] has suggested t h a t  la rge  sca le  TIDs might be pro- 
duced by atmospheric disturbances generated by supersonic auroral  forms. 
He discussed an example of a supersonic auroral  form and a subsequently 
occurring TID t o  support h i s  t hes i s .  Supersonic auroral  forms have been 
shown t o  produce infrasonic  waves [Wilson, 1967, 19691. 
Although a number of convincing suggestions have been advanced t o  
explain the  source of the  disturbances of i n t e r e s t ,  t he  subject is s t i l l  
not f u l l y  resolved; much of t h i s  chapter w i l l  be devoted t o  a discussion 
of methods of obtaining experimental support of an explanation f o r  a 
source mechanism. 
Be Experimental Determination of a Source Mechanism 
Since i n  s i t u  measurements i n  the auroral  oval of a type which -- 
would allow one t o  observe the  physics of t he  source are not avai lable ,  
t h i s  discussion w i l l  be restricted t o  ind i r ec t ,  midlati tude measurements e 
The problem can be approached i n  the following fashion. A s s u m e  the 
source of the disturbances t o  be ins ide  a la rge  black box of su f f i c i en t  
s i z e  t o  f u l l y  enclose the  region of the  source. 
bances produced by t h e  source w i l l  be made outs ide the boundaries of 
the box, The problem i s  t h a t  of making measurements of a type which w i l l  
provide information on the physics of the source. 
terist ics would seem t o  be per t inent :  
Measurements of d i s t u r -  
The following charac- 
loca t ion  of the source i n  space 
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and t i m e ,  the  d i rec t iona l  character  of the source, i e e s g  i t s  "radiat ion 
pat tern",  and the proper t ies  of t he  atmospheric disturbances produced by 
the  sources 
sec tor  of the  auroral  oval during polar substorms. The d i rec t iona l  
charac te r  of the  source is  not known; t h i s  problem w i l l  be discussed i n  
detail later. However, any d i rec t iona l  character  of the  source w i l l  be 
due t o  a combination of the physics of t he  source and i t s  geometry. 
two e f f e c t s  would have t o  be separated i n  order f o r  the physics t o  be 
studied. The p rope r t i e s  of the  disturbance produced by the source 
which s e e m  t o  be most relevant are  i ts  t empora l  and s p a t i a l  sca les  and 
i t s  amplitude, As has been discussed previously, the t i m e  scales of the 
disturbances observed are consis tent  with a source re la ted  t o  substorms; 
i n  f a c t  they are qui te  suggestive of t h i s  (c f .  Chapter 11). The s p a t i a l  
sca les  of the  observed disturbances a re  l i k e l y  t o  be misleading i f  used 
t o  i n f e r  information about the source, since they are primarily due t o  
the t i m e  separat ion between substorms and the speed of t r a v e l  of the 
disturbances e 
The loca t ion  of the source i n  space and t i m e  is the  evening 
The 
If the  energy input t o  the  source could be estimated, along with 
the  energy output, important evidence r e l a t ing  t o  the source physics 
would be avai lable ,  It  was shown i n  Chapter I1 t h a t  the  amplitudes of 
the disturbances seem t o  be approximately l i n e a r l y  related t o  K which 
i s  roughly logari thmical ly  r e l a t ed  t o  the  amplitudes 01 geomagnetic 
disturbances,  Therefore, the output seems t o  be f a i r l y  weakly re la ted  
t o  the  input ,  assuming the input is proportional t o  the amplitude of 
the geomagnetic disturbances. 
P' 
The evidence obtained points  t o  a source i n  the evening sec tor  of 
the aurora l  oval, The source locat ions which have been determined should 
not be understood t o  imply a point source. However, it would seem 
reasonable t o  assume t h a t  they represent something l i k e  an "effective" 
source loca t ion  and are probably meaningful i n  terms of es tab l i sh ing  a 
locat ion a t  which much of the energy is  coupled i n t o  the atmospheric 
disturbances,  
n tu i t i ve ly ,  one would expect the disturbances t o  be produced 
near geomagnetic midnight i n  the  auroral  oval. I n  addition, w i t h  the 
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exception of French's [1968] suggestion regarding supersonic auroral  
forins, the mechanisms proposed would a l s o  seem t o  predict  a source near 
midnight, since the current  flow is l a rges t  i n  t h a t  region. The Lorentz 
force and Joule heating are  probably a l so  maximized there ,  
the  evidence ind ica tes  t ha t  the disturbances a re  not produced near mid- 
n ight  i s  somewhat surpr is ing.  The present study strongly suggests t h a t  
an inves t iga t ion  of polar substorm re l a t ed  phenomena i n  the  evening 
sec to r  should be carried out t o  determine possible sources of the TIDs. 
This subject w i l l  be pursued fu r the r ,  later i n  t h i s  chapter. 
The f a c t  t ha t  
Of  the  important cha rac t e r i s t i c s  of the source l i s t e d  above, only 
the rad ia t ion  pa t t e rn  has not been studied. 
t ioned have been treated earlier i n  t h i s  study. Therefore, t he  following 
sec t ion  w i l l  consider the problem of the  experimental determination of 
the d i rec t iona l  character  of the source. 
The other propert ies  men- 
C. Radiation Pa t t e rn  of the  Source 
There a re  two f a i r l y  obvious techniques f o r  determining the 
d i r ec t iona l  character of the  source. F i r s t ,  sensors could be positioned 
around t h e  source and t h e i r  measurements could then be compared. Such 
an approach would allow a study of the cha rac t e r i s t i c s  of the source 
both f o r  a s ing le  event and, i n  a s t a t i s t i c a l  sense, f o r  many events. 
The second approach involves the use of only a s ingle  sensor. Since 
the  source of the  disturbances ro t a t e s  with respect t o  an observer lo-  
cated outside the  auroral  zone, t h i s  s ing le  sensor method allows the 
d i rec t iona l  character  of the  source t o  be s t u d i e d  i n  a s t a t i s t i c a l  
manner, although it would not be useful  f o r  determining the radiat ion 
pa t te rn  f o r  a s ing le  event. 
the  same re su l t s  as many sensors, although it lacks t h e i r  redundancy, 
i f  only information on the s t a t i s t i c a l  behavior of the source is d e s i r e d .  
The s ing le  sensor method w i l l  be discussed here,  
A s ing le  sensor can e s sen t i a l ly  obtain 
The nature  of the  "sensor" t o  be used t o  make these measurements 
has not been specif ied.  I d e a l l y  some measurement technique which would 
be sens i t i ve  t o  density and/or ve loc i ty  var ia t ions  i n  the neut ra l  atmos- 
phere should be used, Although atmospheric waves have been detected 
d i r e c t l y  i n  the  neut ra l  atmosphere a t  the heights of i n t e r e s t  [Newton, 
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Pelz ,  and Volland, 19691, there  does not seem t o  be a su i t ab le  method 
avaihkile for t he  present study, The method which w i l l  be used here t o  
study the  rad ia t ion  pa t t e rn  sf the source w i l l  be based on the s ignatures  
produced i n  columnar e l ec t ron  content records by disturbances i n  the 
neu t r a l  atmosphere. Such an approach involves the use of ionizat ion as 
a t r a c e r  for motions i n  the  neu t r a l  atmosphere. As has been pointed out 
[Chapter V I I I ,  - 9  Hooke 1968b; Georges and Hooke, 19701 such an approach 
has unavoidable observational biases. I n  addi t ion,  and f a r  more important 
f o r  the present discussion, the fact  tha t  the  ion iza t ion  undergoes a 
l a rge  diurnal  va r i a t ion  introduces considerable d i f f i c u l t i e s .  This pro- 
blem is  equally important f o r  e i t h e r  a s ing le  or multiple sensor experi- 
ment. The l a rge  diurnal  change i n  ion iza t ion  r e s u l t s  i n  a s e n s i t i v i t y  
t o  disturbances i n  t h e  neut ra l  atmosphere which var ies  g rea t ly  throughout 
t h e  day. 
As w i l l  be shown i n  Chapter V I I I ,  it i s  possible  t o  relate the  
amplitude of perturbations i n  e l ec t ron  content t o  the disturbances i n  
the  neu t r a l  atmosphere causing t h e m .  The day may be divided i n t o  a 
number of t i m e  i n t e r v a l s  and  t he  average r e l a t i v e  amplitude of d i s tur -  
bances within each i n t e r v a l  may be determined, Using the  analysis  of 
Chapter VICLI, t h i s  average r e l a t i v e  amplitude can be related t o  the  
average amplitude of t h e  disturbances i n  t h e  neu t r a l  atmosphere. Using 
an average source loca t ion  such as w a s  determined i n  Chapters I1 and 
EII, the average distance t rave led  by disturbances f o r  each of these 
t i m e  i n t e r v a l s  may be determined. The r e s u l t s  of Chapter I V  may then 
be applied t o  estimate t h e  amplitude of t he  disturbances a t  the  source, 
The average amplitude of the  disturbances a t  the  source, i n  the d i rec t ion  
of t he  sensor, as a function of t i m e ,  i s  then known i f  an average speed 
of t r a v e l  for t h e  disturbances is  assumed. This average amplitude as 
a functkon of t i m e  can be converted d i r e c t l y  i n t o  average amplitude as 
a function of d i r ec t ion  away from the  source; i e e e 9  its rad ia t ion  pat tern.  
A more accurate approach, which requires  more information, is  
the  determination of the amplitude of each disturbance a t  the source and 
then t h e  averaging of t he  amplitudes at the  sourcec Such an approach 
would require  t h a t  t he  t i m e  of o r ig in  of each disturbance and i t s  speed 
be known, However, t h e  f i r s t ,  and simpler, method is  adequate t o  show 
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any l a rge  anisotropy i n  the rad ia t ion  pa t te rn ,  
t o  apply these methods have been developed. 
the first approach is  the average amplitude of the  disturbances as  a 
function of l oca l  t i m e  a t  the  observer. 
A l l  of the too l s  required 
What i s  now needed t o  use 
The diurnal  var ia t ion  i n  the  average measured r e l a t i v e  amplitude 
of LS TIDs has already been determined ( c f .  Figure 2- l la ) .  T h i s  is not 
the  same as  knowing the average r e l a t i v e  amplitude, s ince not a l l  TIDs 
are detected. The following expression sets a lower l i m i t  on the re la -  
t i v e  amplitude, R ,  which can be observed 
';in - -  
Rmin - I~ 
where IAin i s  the minimum detectable per turbat ion i n  e lec t ron  content. 
Since disturbances w i t h  r e l a t i v e  amplitude below Rmin w i l l  not be 
detected, the values of R which a re  obtained are  samples from a s ingly 
t runcated d i s t r ibu t ion  w i t h  a terminus a t  R What is  d e s i r e d  is the 
mean of the  ac tua l  d i s t r ibu t ion  of r e l a t i v e  amplitudes; what are avai lable  
are m e a n s  of samples from a d i s t r ibu t ion  having the  same shape but trun- 
cated a t  Rmina Cohen [1961] has given tables which allow the maximum 
l ike l ihood estimate of t he  mean of the  o r ig ina l  d i s t r ibu t ion  t o  be 
determined given the  mean and variance of a sample taken from the trun- 
cated d i s t r ibu t ion  f o r  the case i n  which the o r ig ina l  d i s t r ibu t ion  i s  
normal and the re  i s  a sharp, known t runcat ion point.  Values f o r  the 
t runcat ion point ,  
'kin 
min 
must be determined as a function of l o c a l  t i m e .  Rmin 9 
depends on the shape of the  content curve; it is more d i f -  
f i c u l t  t o  detect small per turbat ions when the  content i s  changing rapidly 
than when it i s  reasonably constant. 
upon t h e  magnitude of Io* 
funct ion of l o c a l  t i m e ,  Ihin i s  a function of l oca l  t i m e  also.  
Io depends upon local t i m e ;  hence R 
However, Ihin does not depend 
Since the shape of the  content curve is  a 
Of course, 
a l s o  depends upon loca l  t i m e .  min 
Figure 5-la shows the  average e lec t ron  content f o r  1967-1969 
observed at Stanford: the average curve f o r  1967-1968 is  v i r t u a l l y  
indis t inguishable  from the  curve shown, 
mined using the average curve, Th i s  i s  equivalent t o  assuming tha t  the 
Values of Ikin w i l l  be deter- 
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Fig. 5-l(a). AVERAGE ELECTRON CONTENT AT STANFORD 
FOR 1967-1969 e 
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F i g ,  5 - l ( b ) .  RESULTS OF ADDING A S I N E  WAVE WITH A 
RELATIVE RMS AMPLITUDE OF TWO PER CENT TO THE 
CURVE I N  (a) 
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shape of the content curve does not vary  from day to day. 
shows a curve obtained using the  following expression: 
Figure 5-lb 
I = Io(t) (1 -I- A s i n  u t )  (5-2) 
where Io(t) i s  the  average content 
f o r  1967-1968 
A = 0.02828 
and w corresponds t o  a period of one hour. 
T h i s  expression produces a curve which i s  the average content curve w i t h  
a s ine  wave of r m s  amplitude equal t o  two percent of the background 
added. By varying the s i z e  of A i n  Eq. (5-2) and producing various 
curves, the  minimum detectable per turbat ion i n  I can be determined by 
in'spection as a funct ion of l o c a l  t i m e .  Such an approach i s  subject ive,  
but them so i s  the  problem of detecting d is turbames  i n  the actual  data. 
Using values of I* determined i n  t h i s  fashion along w i t h  average values 
f o r  Io, average values of R 
min 
can be determined using Eq. (5-1). Table min 
5-1 shows Iiin, < >, the average value of R and CT , the  standard 
deviation i n  R f o r  the period 1967-1968. Rmin 
Rmin min ' 
min ' 
The r e l a t i v e  amplitudes of the TIDs, have a probabi l i ty  density 
a l s o  has Rmin function (pdf) which w i l l  be ca l led  g(R), Figure 5-2a; 
a pdf which w i l l  be called f(R 
observing a disturbance of amplitude, Ro, i f  one i s  present,  i s  given 
Figure 5-2b. The probabi l i ty  of min 
by 
= P(Rmin < Ro) = f (Rmin) aRmin (5-3) 
0 
is  shown i n  Figure 5-2c. I n  Figures 5-2b, c, d ,  t he  dotted l i n e s  'obs 
are f o r  the  case of a well-defined terminus; i r e o ,  R a constant and 
not a random variable .  6 ( R  i n  Figure 5-2b is a delta function. Let 
h(R) be the  pdf f o r t h  observed amplitudes. This i s  the d i s t r ibu t ion  
from which we  are sampling, h(R) i s  given by the  following 
min 
0 
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TABLE 5-1 
MINIMUIM OBSERVABLE RELATIVE AM) ABSOLUTE AMPLITUDES 
1967-1968 
x 1u 'kin 
e l ec t rons  m-2 <Rmin> 
- -  .. ..--16 
0 , per cent 
Rmin Local T i m  (ve r t i ca l )  per cent 
2 
4 
6 
8 
10 
12  
14  
16 
18 
20 
22 
24 
0.12 
0.12 
0.18 
0.23 
0,27 
0.27 
0.27 
0.29 
0,25 
o,1a 
0.12 
0.13 
2,1 
2.2 
2.9 
1.2 
0.95 
0,79 
0.79 
1.0 
1.3 
1.9 
1.9 
2.2 
1.1 
1.1 
2,o 
0.37 
0.25 
0,24 
0.24 
0.58 
0.57 
1.9 
1.2 
1.1 
normalizes the  d i s t r ibu t ion  and h(R) is shown i n  Figure 5-2d. 
A s  can be seen from Figure 5-2, a sharp truncation point can be obtained 
i f  only observations with a magnitude w e l l  above (R 
" W e l l  above" can be approximated by two standard deviations, 
case the re  would be a terminus, (R 
[196l] r e s u l t s  could be applied, 
sample m e a n s  and standard deviations along with values of <Rmir) and 
two standard deviat ions (dashed l ines) .  As the  f igu re  shows, with the  
present R v s ,  t he  s i t u a t i o n  appears hopeless, except perhaps for t h e  
OS00 t o  1400 PST i n t e rva l ,  since <Rmin> + 20 is usually w e l l  above 
e f f ec t ive  sample sizes t h e  sample m e a n s .  This s i tuat ion resu l t s  i n  
which are g r e a t l y  reduced. Figure 5-3 i l l u s t r a t e s  the  f a c t  t h a t  detec- 
t i o n  of disturbances throughout much of t h e  day i s  ra ther  d i f f i c u l t  and 
> are considered. 
I n  such a 
min 
> + 2OR min 
Figure 
f o r  which Cohen's 
5-3 shows a graph of min 
min 
Rmin 
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u) 
D ( c )  a" 
0 
Fig. 5-2, ILLUSTRATION OF THE SAMPLING PROBLEM 
I N  TERNIS OF PROBABILITY DENSITY FUNCTIONS, 
The curves are explained i n  the t e x t .  
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Fig, 5-3, COXlIPaRISON OF THF, AVERAGE RELATIVE 
AMPLITUDES OF LS TIDs ( s o l i d  curve) AND THE 
MINIMUM DETECTABLE RELATIVE PERWBATIONS I N  
ELECTRON CONTENT, Dashed l i n e s  ind ica te  two 
standard deviations i n  f(R ) @  min 
of ten  is only possible  when the  content i s  l a rge r  than average, 
The method used t o  estimate values of R w i l l  now be discussed. min 
It has been shown i n  Chapter I1 tha t  r e l a t i v e  amplitudes of LS TIDs a re  
roughly l i n e a r l y  r e l a t ed  t o  K e From Figure 5-3, it can Le seen t h a t  
<Rmin> + 20 i s  less than 2,3% from 0800 t o  1600 PST. It is  known 
t h a t  LS TIDs of t h i s  amplitude generally occur f o r  average K 5 4, a 
P 
Rmin 
P 
moderately disturbed condition. What t h i s  m e a n s  is tha t  r e l a t i v e l y  low 
values of K correspond t o  conditions s u f f i c i e n t l y  disturbed for TIDs 
t o  be produced with amplitudes grea te r  than R and which can thus be 
e a s i l y  detected, But f o r  these low values of K the  content curve is  
not usua l ly  very d i s to r t ed ,  For highly disturbed days (high K ) the  
e lec t ron  content curves may, however, be g rea t ly  d is tor ted ;  but t he  T I D  
P 
min 
P 
P 
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amplitudes are then almost always so la rge  t h a t  there is  no problem 
detecting them, 
t e n t  curve based on data f o r  a l l  days, perhaps even excluding highly 
disturbed ones, f o r  f inding <R > v a l u e s  during the day. A t  night the 
s i t u a t i o n  becomes more complicated, 
Rmin <Rmin i s  1% or above. 
r a l l y  occur only during qui te  disturbed conditions * Theref ore  at night  
it might be more reasonable t o  determine <R > using an average content 
curve based only on data from days which are at least somewhat disturbed, 
It  would be d i f f i c u l t  t o  estimate a proper minimum l e v e l  of K but 
perhaps an average K equal 2, or no K values below 2, might be a rea- 
sonable choice. A s  w a s  t he  case f o r  daytime hours, highly disturbed 
days should a l s o  be disregarded, but at night  "highly disturbed" would 
mean K g rea t e r  than 7 or 8, say,while during the day it might mean K 
P P 
g rea t e r  than 4 or 5. 
One d i f f i c u l t y  i n  using such an approach f o r  night data is  t h a t  
curves of t o t a l  content f o r  disturbed days are notoriously " i r regular"  
i n  shape. Hence the  assumption that the shape of the curve does not 
vary from day t o  day which w a s  made i n  f inding < R  > would probably 
be considerably less va l id  than during t h e  daytime. Based  on t h e  pre- 
ceding discussion it seems f a i r  t o  say t h a t  t he  values of (Rmin> deter- 
mined f o r  daytime hours are reasonable, although some s m a l l  improvement 
might be had by not including data from very disturbed days i n  the  cal- 
cu la t ions .  
usefu l  i n  rough ca lcu la t ions ;  f o r  any prec ise  work they should be recal- 
cu la ted  using only data from "disturbed" days as was discussed above., 
Hence, it seems most reasonable t o  use an average con- 
min 
A s  can be seen from Table 5-1, 
> i s  about 2% from 2000 and 0400 PST, r i s i n g  t o  2e9% a t  0600, o 
Disturbances w i t h  amplitudes near or above 4% gene- 
min 
P' 
P P 
min 
For night  the values of <R >obtained are l i k e l y  qui te  min 
The s i t u a t i o n  could conceivably be improved by increasing t h e  
sample sizes, This might be achieved by co l l ec t ing  more data or by 
revis ing the  methods of finding R However, the  f a c t  tha t  the  trunca- 
t i o n  is  so severe; i o e e ,  t h e  truncation point is  too  near the  sample mean, 
w i l l  r e s u l t  i n  problems when using CohenPs [1961] approach, I n  addi t ion,  
there  i s  reason t o  believe t h a t  t h e  samples are not from a normal d i s t r i -  
bution; Cohen has given r e s u l t s  only f o r  a normal d i s t r ibu t ion ,  Theoreti- 
ca l ly ,  a similar approach could be applied t o  any d is t r ibu t ion ,  
min ' 
However, 
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the  ac tua l  d i s t r ibu t ion  i s  not known, It must be concluded t h a t  a t  t h i s  
t i m e  the average r e l a t i v e  amplitudes of the  disturbances cannot be 
determined throughout the day. While the  resul ts  of t h i s  sec t ion  are 
e s s e n t i a l l y  negative,  they are of value f o r  two reasons, F i r s t ,  they 
i l l u s t r a t e  the  d i f f i c u l t y  of the  problem, Second, they show ra the r  
v iv id ly  the  most important observational d i f f i c u l t y  encountered i n  using 
the  e lec t ron  content approach, namely, the  la rge  diurnal  var ia t ion  i n  
s e n s i t i v i t y  t o  disturbances. 
It should be pointed out t ha t  i f  the  average r e l a t i v e  amplitudes 
w e r e  determined, they would s t i l l  have t o  be converted i n t o  amplitudes 
of disturbances i n  t h e  neut ra l  atmosphere. This could be accomplished 
using Eq, (8-61, However, i n  order t o  use such an approach, an important 
assumption would have t o  be made. 
r e l a t i v e  amplitude of a TID and the  amplitude of t he  atmospheric d i s tur -  
bance causing it depends upon the  d i s t r ibu t ion  of ionizat ion and neut ra l s  
and upon the  character  of t he  atmospheric disturbance. The re la t ionship  
depends upon loca l  t i m e  and it would have t o  be assumed tha t  it depends 
only upon l o c a l  t i m e .  
of ion iza t ion  would be included only by determining R using the  observed 
content. Unless measured e lec t ron  concentration p ro f i l e s  were avai lable  
on an event-to-event basis, i n  which case a normalization could be 
attempted, an average p r o f i l e  would have t o  be used f o r  a l l  data, admit- 
t ed ly  a very crude method. 
The precise  re la t ionship  between t h e  
I n  a given t i m e  i n t e rva l ,  t he  day-to-day var ia t ion  
It does not s e e m  possible  t o  determine t h e  source rad ia t ion  pat- 
t e r n  by studying the  diurnal var ia t ion  i n  r e l a t i v e  amplitudes. However, 
it may be possible  t o  do t h i s  using somewhat d i f fe ren t  approaches. Two 
methods w i l l  be mentioned here; they w i l l  be pursued i n  a separate study, 
The f i r s t  approach, which is the  less a t t r a c t i v e  but simpler of the two, 
makes use of t he  information shown i n  Figure 5-3 and the damping r a t e s  
estimated i n  Chapter IV .  Assume tha t  the  source rad ia tes  i so t ropica l ly ,  
Using the  damping rates estimated i n  the  preceding chapter, and including 
any diurnal  var ia t ion  i n  the  coupling between the  atmospheric disturbance 
and content h y p e ~ h e ~ i c a l  mplitudes, r e l a t i v e  t o  the  amplitude a t  
s o m e  t i m e ,  such as l o c a l  noon, could be estimated, s ince the  average 
distance t rave led  by t h e  disturbances i s  known. From Figure 5-3, it can 
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be seen tha t  an estimate of <R> may be obtained a t  1000 or 1200 PST. 
If  t he  calculated amplitude g rea t ly  exceeded the  sample average at some 
t i m e ,  t h i s  would be grounds f o r  assuming t h a t  disturbances a r r iv ing  
at t h a t  t i m e  or iginated from the source i n  a d i rec t ion  i n  which the  
gain" w a s  small. Note t h a t  t h i s  approach is va l id  s ince the observa- 11 
t i o n a l  l imi t a t ions  are such t h a t  the observed sample averages are  l a rge r  
than the  t r u e  mean, Such an approach should allow determination of the 
loca t ion  of n u l l s  and peaks i n  the  rad ia t ion  pa t te rn ,  but i s  very crude, 
A second, more d i f f i c u l t ,  method is avai lable .  The d i rec t iona l  character 
of t he  source would be determined i f  both the  input and the output ampli- 
tudes w e r e  known. It seems reasonable t o  estimate the  input by using 
the amplitude of the source substorms and using the  measured amplitudes 
of the TIDs a s  t he  output. If the  source substorm could not be clearly 
iden t i f i ed ,  AE indices  near the  t i m e  of i n t e r e s t  might be used. Such 
an approach would require  consideration of t he  var ia t ion  i n  damping from 
disturbance t o  disturbance as the distance t raveled varied,  as  w e l l  as 
any va r i a t ion  i n  coupling between atmospheric disturbance and e lec t ron  
content throughout the  day. The day could be divided i n t o  a number of 
t i m e  i n t e r v a l s  and t h e  r e s u l t s  i n  each in t e rva l  averaged, resu l t ing  i n  
an average rad ia t ion  pat tern.  
D. Discussion 
It seems reasonable t o  seek and t o  use experimental information 
fn  an e f f o r t  t o  l ea rn  more about the mechanisms involved i n  producing 
la rge  scale TPDs, Unfortunately, one of the  pr inc ipa l  cha rac t e r i s t i c s  
of t h e  source, i t s  rad ia t ion  pa t te rn ,  remains unknown. However, it I s  
s t i l l  possible  t o  usethe known information as  the  bas i s  f o r  some specu- 
l a t i o n .  A s  has been pointed out,  the evidence points  toward some process 
ac t ing  i n  the  evening sector of the  auroral  oval during polar substorms, 
What i s  notable about the  evening sector?  I n  auroral  a c t i v i t y  the  most 
noteworthy f ea tu re  during substorms appears t o  be the  wes tward  t ravel ing 
surge [Akasofu, K i m b a l l  and Meng, 19651, T h i s  surge c m s i s t s  of a 
la rge  scale f o l d  which t r a v e l s  westward along pre-existing auroral  a rcs  
during the  expansive phase of the auroral  substorm. The speed of t r a v e l  
i s  of ten  highly supersonic (> 1000 m s-')~ These high speeds p e r s i s t  
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throughout the expansive phase of t he  substorm (about 30 min), so t h a t  
the surge w i l l  t r a v e l  1000 t o  2000 km along the oval [Akasofu, Meng and 
Kimball, 19661, 
ponent of the  geomagnetic f i e l d  as it t rave ls ,  After the peak of the  
expansivephase of the  substorm, the surge no longer leads the region 
of t h e  negative bay. 
phenomena. The expansion evident i n  the  surge is  not due t o  motions i n  
the  atmosphere but is  ra ther  due t o  the  motion of the source of high 
energy p a r t i c l e s  which produces tho aurora, t h a t  is, the  point a t  which 
energy is deposited moves, of ten supersonically,  along the oval. This 
energy would appear i n  the  form of heat i n  the  region of the surge. I n  
addition, due t o  the  expanding e l e c t r o j e t ,  Lorentz forces  could be ex- 
pected t o  a f f ec t  the neut ra l  atmosphere. 
The surge leads the negative bay i n  the  horizontal  com- 
Such surges are common, but very complicated 
Recently, Chimonas and Hines [1970b] have suggested t h a t  the 
moving shadow produced by a so la r  ec l ipse  could resu l t  i n  the generation 
of atmospheric grav i ty  waves. I t  i s  possible t h a t  a westward t ravel ing 
surge may be qui te  analagous as a source. Both the shadow and the  surge 
a re  supersonic, both have horizontal  sca les  i n  the direct ion of motion 
of more than a thousand kilometers and widths of the order of hundreds 
of kilometers. Their times of duration are a l s o  somewhat s imilar .  The 
possible detection of an ec l ipse  generated TID has been reported [Davis 
and da Rosa, 19701, 
t rave l ing  surge is worthy of consideration, 
source f o r  the TID he observed i n  a supersonic auroral  motion. That 
auroral  motion w a s  in the  evening sec tor ,  Production of disturbances by 
such a m e c h a n i s m  would probably r e s u l t  i n  a highly d i rec t iona l  radiat ion 
pat tern;  i f  a bow wave associated with the  surge were the cause of the  
disturbances, l i t t l e  e f f e c t  might be expected a t  points behind the 
surge, Unfortunately a t  tha t  time, approximately loca l  midnight, an 
observer using e lec t ron  content measurements is  i n  a very poor posi t ion 
f o r  studying TIDs, However, Georges? [1967, 1968al work has shown tha t  
large scale TIDs are observed a t  night ,  I n  f a c t ,  because of observational 
biases i n  h i s  method of observation, he seems t o  see these disturbances 
only at t h a t  t i m e ,  r a the r  then primarily during the day, as  observed 
during the  present study, I n  both cases the observational l imi ta t ions  
The p o s s i b i l i t y  of a s i m i l a r  source i n  the  westward 
French [1968] suggested a 
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are due t o  use of ionizat ion,  which var ies  diurnal ly ,  as a t r a c e r  f o r  
motions i n  t h e  neu t r a l  atmosphere, Perhaps use of e lec t ron  content 
measurements and CW Doppler sounders together would provide good cover- 
age throughout the  day. A t  any r a t e  Georges' observation of many d i s -  
turbances at night  would seem t o  ru l e  out a highly anisotropic  rad ia t ion  
pa t t e rn  such as might be expected from a bow wave. It  is  possible ,  however, 
t h a t  t he  disturbances are  produced by more than a s ing le  mechanism, and 
t h a t  a bow wave associated with surges i n  the  evenjtng sec tor  may produce 
disturbances which are observed at m i d l a t i t u d e s  during ce r t a in  t i m e s  of 
t he  day. A t  o ther  observing times (equivalent t o  other d i rec t ions  away 
from t h e  source) other  processes might be more e f f i c i e n t  i n  producing 
disturbances. Clearly,  the subject of the source merits considerable 
addi t iona l  at t e n t  ion  
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PART I1 
PRODUCTION OF LARGE SCALE TRAVELING 
IONOSPHERIC DISTLTRBANCES BY 
DISTUaBANCES PROPAGATING IN THE NmTTRAL ATMOSPHEm 

C W T E R  V I  
THEORY 
In t e rp re t a t ion  of TIDs as manifestations of disturbances propaga- 
t i n g  i n  the  neu t r a l  atmosphere is now general ly  accepted, It  is  of 
i n t e r e s t  t o  study how such disturbances are related t o  the la rge  sca le  
TIDs considered i n  P a r t  I. 
The f i r s t  is  the  spec i f ica t ion  of the  cha rac t e r i s t i c s  of the disturbance 
i n  the  neu t r a l  atmosphere. The second i s  the determination of how the 
disturbance produces changes i n  the ambient ionizat ion.  The present 
chapter i s  devoted t o  the problem of how an atmospheric disturbance, 
once i t s  proper t ies  are specif ied,  a f f e c t s  the loca l  ionizat ion.  The 
r e s u l t s  obtained i n  t h i s  chapter are qui te  general  i n  the sense t h a t  they  
are not l i m i t e d  by the  models spec i f ied  i n  the  following chapter. They 
could be used equal ly  w e l l  w i t h  other,  perhaps better, models f o r  the  
disturbances i n  the neu t r a l  atmosphere. The pr inc ipa l  r e s u l t  of t h i s  
chapter is  an equation describing the  changes i n  e lec t ron  concentration 
produced by atmospheric disturbances i n  the height range 200 t o  600 km. Such 
per turbat ions are e a s i l y  integrated t o  determine the accompanying per tur-  
bation i n  e lec t ron  content. The numerical analysis  required t o  solve the 
equation describing the  changes i n  the  e lec t ron  concentration is  a l s o  
presented e 
Such a study involves two important problems. 
A. Background 
In recent years severa l  quant i ta t ive  discussions of the ionospheric 
e f f e c t s  of atmospheric waves have become avai lable  (Georges [1967, 1968b], 
Hooke [1968a, 19691, Thome [1968], Thome and Rao [1969]). The in te res ted  
reader is re fer red  t o  Hooke [1968a] f o r  a discussion of e a r l i e r  work. 
- Hooke [1968a] has presented the most complete discussion avai lable  
of the  ionospheric i r r e g u l a r i t i e s  produced by in t e rna l  atmospheric grav i ty  
waves. He gives  considerable a t t en t ion  t o  per turbat ions caused by these 
waves i n  the motion of the  ionizat ion and i n  photoionization rates. 
However, i n  obtaining his f i n a l  r e s u l t s ,  he neglects  per turbat ions i n  the 
d i f fus ion  of the  ionizat ion and i n  the  production and l o s s  processes, He 
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obtains  a s inusoidal  steady s t a t e  so lu t ion  considering only the dominant 
e f f e c t  of the waves on t h e  ion iza t ion ,  i o e e ,  the movement of the ioniza- 
t i o n  along the geomagnetic f i e l d  l i n e s  w i t h  a ve loc i ty  equal t o  the com- 
ponent of the neut ra l  gas ve loc i ty  along those f i e l d  l i n e s ,  
and Thome 119681 have obtained s imi la r  r e su l t s .  
Georges [1968b] 
I n  a subsequent paper Hooke [1969] extends h i s  analysis  considerably 
P
f o r  the case of E-region ionospheric i r r e g u l a r i t i e s ,  Because of the 
heights  of i n t e r e s t ,  per turbat ions i n  the diffusion of the ionizat ion are 
negl ig ib le ,  Electron lo s s  is  assumed t o  be proportional t o  the square 
of the e lec t ron  concentration and a Chapman production function is  used 
t o  describe the  unpertuibed photoionization r a t e ,  Per turbat ions i n  both 
production and lo s s  are included and the recombination coef f ic ien t  is 
assumed t o  be temperature dependent. A so lu t ion  i s  obtained using a 
s inusoidal  s teady  s t a t e  approach. Hooke [1968a, 19691 uses a s ing le  
slab, nonviscous, isothermal model f o r  the neu t r a l  atmosphere. 
Thome and Rao [1969] a l s o  neglect per turbat ions i n  plasma diffu-  
s ion a s  w e l l  as neglecting per turbat ions i n  production. Per turba t iomin  
the loss r a t e  a re  considered, although any temperature dependence of 
the  reac t ion  rates i s  neglected. The l o s s  r a t e  i s  assumed t o  be given 
by the p a r a l l e l  l o s s  l a w  of Ra tc l i f f e  [1956], although the app l i cab i l i t y  
of t h a t  expression, which is  based on an assumption of photochemical 
equilibrium, during the passage of an atmospheric wave, i s  not j u s t i f i e d .  
Again a s inusoidal  s t e a d y  state solut ion is obtained. Thome and Rao use 
the equations of Pitteway and Hines [1963] which describe an atmospheric 
wave propagating i n  a viscous, isothermal atmosphere, A multi-slab 
model f o r  the neut ra l  atmosphere w i t h  constant temperature i n  each s l a b  
i s  used, 
N o  detailed analysis  has been carried out spec i f i ca l ly  f o r  the 
case of la rge  scale TIDs ,  Qf par t i cu la r  importance f o r  disturbances of 
t h i s  type i s  inclusion of the  perturbation i n  the plasma diffusion 
throughout the  analysis .  Although it i s  of questionable importance f o r  
t he  disturbances of i n t e r e s t  here,  the per turbat ion i n  the photoioniaa- 
t i o n  r a t e  has not ye t  been s tudied using a realistic model. A study of 
the e f f e c t  of atmospheric waves on e lec t ron  content based on a detai led 
model f o r  the coupling between the atmospheric disturbance and the 
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ion iza t ion  i s  not avai lable  i n  the l i t e r a t u r e .  Very recent ly ,  however, 
Georges and Hooke [1970] have used a coupling model equivalent t o  t h a t  
of Hooke [1968a] t o  study per turbat ions i n  e lec t ron  content caused by 
atmospheric waves 
B. Outline of Analysis 
The approach used by previous workers (e.g., Hooke [1968a, 19691 
and Thome and Rao [1969]) t o  obtain the changes i n  e lec t ron  concentra- 
t i o n  caused by a disturbance i n  the  neut ra l  atmosphere has been based 
on the l inear ized  cont inui ty  equation f o r  e lectrons.  The same approach 
w i l l  be used here. 
It  is  assumed t h a t  changes i n  a l l  quant i t ies  of interest  are small 
enough so t h a t  a per turbat ion approach can be used and second order terms 
can be ignored. I n  the  analysis  t o  follow unsubscripted var iables  w i l l  
r e f e r  t o  e lec t rons ;  those w l t h  subscr ipts  "i" and "nrr r e fe r  t o  ions and 
neu t r a l s  respect ively.  
For perturbed conditions,  i n  the  presence of an atmospheric d i s -  
turbance,variables w i l l  be wr i t ten  i n  the  following form: N = No + N ' ,  
U = Uo + U t ,  etc. 
and the  primed term is the  per turbat ion i n  the  quant i ty  of i n t e r e s t .  
The zero subscr ipt  ind ica tes  the unperturbed state 
Eq. (6-1) i s  the  cont inui ty  equation f o r  e lectrons.  
3 
where N i s  the  e lec t ron  concentration and U ,  q and A are  the e lec t ron  
veloci ty ,  production and loss, respectively.  The first order perturba- 
t i o n  equation is 
The changes which an atmospheric disturbance produces i n  the 
e lec t ron  concentration are  the  r e s u l t  of per turbat ions caused by the 
disturbance i n  the notion of the ionizat ion,  i n  the e lec t ron  photoioni- 
zat ion r a t e ,  and i n  the e lec t ron  l o s s  rate. 
ter  is  devoted t o  dealing with these various e f f e c t s .  Figure 6-1 shows 
The remainder of t h i s  chap- 
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Determine wave -induce d 
perturbat ion i n  photo- 
ion iza t ion  and loss  
q' - R' = -c Tf. qoj - "N' 
J J  
(6-66) 
Determine plasma diffusion ve loc i ty  
(6-16) 
Determine wave- induced perturbat ion 
i n  plasma ve loc i ty  
3 3 a N '  + B ( r )  + C ( r )  N'  + 
Fig ,  6-1, OUTLINE OF ANALYSIS USED 
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a block d i a g r a m  of the scheme used. The numbers i n  parentheses are the 
numbers of equations i n  the  t e x t ;  the meanings of the quant i t ies  i n  the 
equations are  given i n  the t e x t .  In  the sect ions which follow, the 
perturbed and unperturbed divergence i n  the  electron f lux  w i l l  be found 
f irst ,  followed by s tudies  of the changes caused by an atmospheric d i s -  
turbance i n  e lec t ron  production and loss .  F ina l ly  these r e s u l t s  w i l l  be 
used along with Eq. (6-2) t o  determine the accompanying changes i n  the 
e lec t ron  concentration. 
C. Motion of the Ionizat ion 
The divergence term i n  Eq. (6-2) may be expanded as follows: 
We are in te res ted  i n  each of the terms on the r.h.s. of Eq, (6-3). In  
order t o  study them fu r the r ,  expressions are needed f o r  both the perturbed 
and unperturbed motion of the ionizat ion,  
1. Unperturbed motion of the ion iza t ion  
The purpose of t h i s  sect ion is t o  obtain the unperturbed, steady 
s t a t e  diffusion ve loc i ty  of the ions and e lec t rons ,  the plasma diffusion 
veloci ty .  The approach used, a standard one, i s  t o  w r i t e  the equations 
of motion f o r  both the ions and e lec t rons  and then t o  combine them. Due 
t o  the f a c t  t h a t  the e lec t ron  mass i s  much less than the ion mass, whereas 
the ion and e lec t ron  concentrations are  the same, a simplified expression 
f o r  the plasma diffusion veloci ty  may be obtained. 
the procedure followed. 
Figure 6-2 out l ines  
It w i l l  be assumed t h a t  an equilibrium s i tua t ion  e x i s t s  i n  which 
a l l  ions have the same mean ve loc i ty ,  Uoe 
t h i s  ve loc i ty  is  the same as tha t  of the e lec t rons ,  due t o  the e l e c t r i c a l  
It  w i l l  a l s o  be assumed tha t  
forces  between them. 
atmosphere is  a t  rest i n  the unperturbed state. 
e x i s t ;  however, it i s  f e l t  t ha t  they  cannot be specif ied in  a manner 
which would add meaningfully t o  the discussion, 
In  addition, it w i l l  be assumed tha t  the neut ra l  
Winds ce r t a in ly  do 
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Write equations of motion f o r  
e lec t rons  and ions 
ve loc i ty  and temperature and are  s ing ly  ionized 
2) ambipolar diffusion 
3) no winds 
4) steady state 
5) co l l i s ions  between 
a re  not important 
e lec t rons  and neut ra l  p a r t i c l e s  
Since gyrofrequency >> co l l i s ion  frequency, 
Equations of motion may then be combined t o  y i e l d  
(6-16) aTp 1 s i n  D - -  P -+ - - - -  
ab No ab H 
2KT 
i i i i3 P 
'do - 
i ino 
Pig,  6-2, DETERMINAT DIFFUSION VELOCITY 
8 2  
In  what follows m w i l l  refer t o  the  mass of a p a r t i c l e ,  of species 
j 
j ,  N .  w i l l  r e f e r  t o  i t s  concentration, 8 t o  i t s  veloci ty ,  and T .  t o  i ts  
temperature e 
k, g i s  the  accelerat ion due t o  grav i ty  and E and B are electric and 
magnetic f i e l d s ,  K i s  Boltzman's constant. 
J j J 
is  the c o l l i s i o n  frequency of species j with species 
u j k  3 3 + 
The unperturbed equation of motion for ion species j i s  as  follows: 
3 3 3 
Dv3 
N . m  - -  jo - -Q(N.  K T .  + N .  m.g + Njomj ujko (Uko - U .  I 
J O  j D t  JO JO JO J J O  
3 3  3 (go - 3. + N .  e .  [Eo + U X E] = 0 
+ Njomjuejo  JO JO J 30 
The acce lera t ion  t e r m  i s  negl ig ib le  for long s p a t i a l  scales.  Species 
k are neu t r a l so  Assume  t h a t  a l l  ions a re  pos i t ive  and s ingly  ionized, 
good assumptions f o r  the  height of i n t e re s t .  Using the  assumptions made 
above concerning the  ion and e lec t ron  ve loc i t i e s ,  Eq. (6-4) may be 
s implif ied,  
3 + 3 3 3  
m.g - Njomj Uo ujko + Njoe[Eo + Uo X B] (6-5) 
J O  J V(NjoXTjo) = N 
Adding the  equakions f o r  a l l  ion species  gives 
Assume a l l  ions have the  same temperature, Tio; note tha t  7 Njo =Nio 
and make the following def in i t ions  
C N .  m 
F N j o  
- - J  J O j  m =  (6-7) 
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EqB (6-6) may now be rewrit ten 
-+ d 
V(NioKTio) = N ,  10 %.g 1 - N i o  iii i V ino U o + Nioe[Z0 c 8o X 21 (6-9) 
A s i m i l a r  expression may a l so  be wri t ten for electrons 
(6-10) 
Assume  the  following: m >> m (ion mass much greater  than electron i 
=Z No (all ions were assumed negative),  iii B Nio i ino >> mTeno (col- mass) 
l i s i o n s  with neut ra l  p a r t i c l e s  not important f o r  e lectrons) .  Furthermore, 
at the heights  of interest the plasma diffusion veloci ty  i s  e s sen t i a l ly  
A 3 - 1 where? is  a uni t  vector along Be Using p a r a l l e l  t o  B, i.em, Uo Udo 
these assumptions, Eqs.  (6-9) and (6-10) become, when added: 
-+ 3 
b 
-+ 
(6-11) a - (PI' K (To + 'Iio)) = NoEig o qb - N 5 ii ab o o i ino 'do 
0 
0 .  
(6-12) l a  - - ( N  K ( T ~  + T ~ ~ ) )  - iiiig s i n  D No ab o 
where D i s  the magnetic dip angle (posi t ive i n  the nor+,hern hemisphere) 
and b and Udo are pos i t ive  northwards. 
l i n e s  
b is a coordinate along the f i e l d  
Define a plasma temperature 
Then 
T P E (To + Tio)/2 
s i n  D - 2KT - 
'do 0 - - P 
Define a plasma scale  height 
(6-13) 
(6-14) 
(6-15) 
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Then 
- 2KT 
0 P 
(6-16) 
In  what follows the bars indicat ing tha t  the ion mass and the ion- 
neut ra l  c o l l i s i o n  frequency are  averages w i l l  be dropped. However, it 
should be recalled whenever these quant i t ies  occur t h a t  they are average 
values I) 
Some of the  terms i n  Eq. (6-3) may be s implif ied somewhat. Since 
3 A u o = u  1 do b' 
-+ aUdo v u o  = ab 
and 
(6-17) 
(6-18) 
2. Perturbed motion of the ionizat ion 
An atmospheric disturbance modifies the motion of the ionizat ion 
i n  two ways. F i r s t ,  because of co l l i s ions  between the neut ra l s  and 
ions,  the plasma tends t o  follow the motions of the neut ra l  gas. Second, 
due t o  changes i n  the  d i s t r ibu t ion  of the ionizat ion,  i t s  temperature 
and the  ion-neutral  c o l l i s i o n  frequency, the plasma diffusion ve loc i ty  
i s  a l te red .  The approach which i s  used here t o  obtaLn the changes i n  
the ve loc i ty  of the ionizat ion i s  e s s e n t i a l l y  t h a t  used by Hooke [1968a]. 
The perturbed equation of motion f o r  ions i s  wri t ten.  Ut i l iz ing  the 
f a c t  that the disturbance a l t e r s  the motions of the ionizat ion i n  the  
two ways mentioned above, t h i s  equation can be separated i n t o  two pa r t s .  
These two equations a re  then combined with s i m i l a r  equations f o r  e lec t rons ;  
the change i n  the  plasma ve loc i ty  caused d i r e c t l y  by co l l i s ions  and t h a t  
due t o  the per turbat ion i n  the diffusion ve loc i ty  may then be found. The 
method used is  out l ined i n  Figure 6-3. 
Assuming t h a t  Nf = N ' ,  the perturbed equation of motion f o r  ions 
i s  a s  follows 
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Define perturbed ve loc i ty  as being composed of two p a r t s  
and separate  equation of motion i n t o  two p a r t s ,  (6-21) and (6-22) 
- 
+ = perturbed diffusion 
'i2 ve loc i ty  
8il = veloc i ty  of ions due 
d i r e c t l y  t o  c o l l i s i o n s  
v 
Assume: m >> m 
i 
i ino eno 
i u' i n  >> ""rl 
m u >> mu . 
1 
Combine with s imilar  equation 
of motion fo r  e lectrons 
- n 
N' 
'i = [- 'do m i u ino 
b 
Fig. 6-3, DETERMINATION OF THE P E R m E D  MOTION OF THE IONIZATION 
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D$9 --3 Du' 0 m i (N' -D t  + No F) = -V(N'KTio -F NoKTi )  + N'mig 
3 3 - N1miVino U - Nomiuin Uo + Nomiuino 0 I 
+ N ' e  [z0 + 8o X is'] + Noe [8$ X g]  (6-19) 
3 
The per turbat ian i n  E i s  neglected. This is apparently j u s t i f i a b l e  
[Hooke - 9  1968aI. 
of the  long s p a t i a l  and t i m e  sca les  of interest .  
The i n e r t i a  terms w i l l  be neglected subsequently because 
Using Hookel s [ 1968111 notat ion,  define 
where 8r s a t i s f i e s  i 2  
3 3 
0 - V(N*KTio + NoKT;' + N'mig - NtmivinoUo 
(6-20) 
(6-21) 
- N m.uI 3 U - Nomfuino 31 Ui2 + N ' e  (so 4- d X 2) o i i n o  0 
and 8il s a t i s f i e s  
3 
By comparing Eqs.  (6-21) and(6-9), it is apparent t ha t  U i 2  is  the per tur-  
bation i n  Ui caused by per turbat ions i n  N T. and u 8' w i l l  be 
e s sen t i a l ly  p a r a l l e l  t o  B. 
3 
i' 1 i n "  i 2  
3 
Writing an equation s imi la r  t o  Eq. (6-21) f o r  e lectrons gives 
+ 3 
0 = - V(N9KTo + NoKT?) + N'mg - NPmuenoUo (6-23) 
5' - NomuenO f u2 - N ' e  (So + 3'o x 2) - Nomuen o 
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A s s u m e  t h a t  m. >> m and tha t  mivin >> mu:,; the  l a t t e r  i s  reasonable 
1 
since m 
It  seems reasonable t o  assume t h a t  centage increase i n  v 
the  perturbed motion i s  a l s o  along B (collison frequency >> gyrofrequency) 
and that  the  per turbat ion i n  dPffusion is  ambipolar, i .e e ,  U' 
is  assumed. Using these assumptions, Eqs, (6-21) and (6-23) may be added 
t o  yield:  
>> m and since there  i s  no reason to expect a much la rger  per- i 
than in uin: en 
9 $; = 2b b 'i 2 
a 0 = - (N'KTio + NoICTf + N v K T o  + NoKT' + N'mig s i n  D 
- N m v f U  - N m u  U 9  (6-24) - N'mi 'ino'do o i i n  do o i ino 2b 
Solving for U t  2b ' 
b - ;5i;(N K(T; + T ' )  f N'K(Tio + To)) (6-25) 1 
Nomiuino '6b = 0 
Define a per turbat ion i n  the  plasma temperature 
Then 
T' (TT; + T * ) / 2  
P 
Tb aNo NI aT & t  + - -  P + J -  2K 
i ino + %- No ab N ab 
UHb = - 
0 
m u  
(6-26) 
(6-27) 
+ "1 V' 
-_I_ N' m.g s i n  D 
2NoK i 'in0 
Rearranging t h i s  equation, subs t i t u t ing  Eq. (6-16) f o r  U and do 
simplifying gives 
Tk Nv) 1 "01 V '  i n  
'do 
- - -  _.e - -  1 a N '  1 
No ab T 'in0 N bb p No 0 T 
+ - -  
P 
- -  --
'Hb - 
(6-28) 
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Eq, (6-28) gives  the  per turbat ion i n  the  plasma diffusion veloci ty .  
It  can a l s o  be obtained d i r e c t l y  from Eq, (6-16) by writ ing the per tur-  
bat ion equation. 
Consider 8il again. Eq. (6-22) may be rewri t ten as 
A m u  f i ino 3, 4 (Un - Ui l )  + Uil x lb = 0 e B  
Define p o  the  r a t i o  of c o l l i s i o n  frequency t o  gyrofrequency 
Then 
The so lu t ion  of Eq, (6-31) i s  
m u  i ino 
eB 
p -  
(6-29) 
(6-30) 
(6-31) 3 A P(Un f - Ui1> + Ui1 x l b = o  
(6-32) 
ves the  veloc 
the  neutrals  when the  only other 
t y  of the  ions caused by colLisions with 
force present i s  due t o  the  geomagnetic 
f i e l d .  The electrons are assumed t o  be dragged along with the  ions 
(U, t = + U i l ) .  This r e s u l t  has been presented by MacLeod [1965] who labeled 
the  s i t u a t i o n  "collision-geomagnetic equilibrium" e 
For t he  heights  of interest, p << 1 and Eq. (6-32) becomes 
(6-33) 
Combining (6-28) and (6-331, the  complete expression f o r  the  per- 
turbed plasma ve loc i ty  i s  as follows 
up = (8; * A lb) - - "in Ud0 - 
'in0 
(6- 34) 
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U9 i s  along the  f i e l d  l i nes .  
Consider next the  ion-neutral  c o l l i s i o n  frequency. The col l i son  
frequency for momentum t r ans fe r  has been given by Chapman [1956]. 
u = 2,6 X PO -15 Nn M-'12 i n  [m.k.s.] (6-35) 
M is the  average value of ion and neu t r a l  p a r t i c l e  m a s s  given i n  a.m,u. 
I t  is  assumed t h a t  t h e  temperatures of a l l  species a re  the same, Since 
it was previously assumed t h a t  a l l  ion temperatures a re  the same and 
s ince the  ion and neut ra l  temperatures are approximately the same, t h i s  
is  an acceptable approximation. Eq, (6-35) gives an average co l l i s ion  
frequency as discussed earlier i n  t h i s  chapter and hence is an appropriate 
expression t o  use i n  t h i s  discussion. Assuming t h a t  the  mean molecular 
weight is constant: 
(6-36) -15 U' = 2,6 X 10 NA M - l 1 2  i n  
Theref ore 
(6-37) 
It w i l l  be assumed t h a t  per turbat ions i n  the  plasma temperature 
can be neglected, i , e , ,  T' = 0 w i l l  be assumed, 
P 
Eq, (6-34) may 
r 
now be rewritten as follows 
(6-38) aN9 N' 
2KT - - -  - -  N; - P 
'do miuino ab 2 
Nl.10 NO 
where U i s  defined nb 
(6-39) 
Eq, (6-38) is  the  final,. s implif ied expression for the  perturbation 
i n  plasma ve loc i ty ,  
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The divergence term given i n  Eq, (6-3) may now be developed fu r the r ,  
Using Eqs. (6-17) (6-18) and (6-38) Eq. (6-3) becomes 
'do 
3 aUdo 'C7.(NoU' + N ' Z  0 ) = N' 
aN 2KTp 1 a N '  N' 
i ino  o - m u  (is. ab - 2 g)) ;bj 
NO 
(6-40) 
Expanding 
bb No ab 
- -  (6-41) 
Consider the last term on the  r.h.s. of Eq. (6-41) 
(6-42) aNo aN'  0 eN' - p 1-- 
2KT 
i ino  o m u H ab ab 
1 - -  
3 
Make the  following de f in i t i ons ,  where r is  a posit ion vector. 
2KT 
3 P 
A ( r )  f (d i f fus ion  constant) (6-43) m u  i ino 
3 3 A ( 3  3 1 aNo 
B ( r )  - Udo + 7 - A ( r )  - - N ab 
0 
(6-44) 
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which upon substituting for Ud0 and simplifying becomes 
(6-45) 
Hence Eq. (6-41) may be written as 
(6-46) 
Eq. (6-46) is the final expression for the divergence in the plasma 
flux caused by a disturbance in the neutral atmosphere, 
D. Effect of Atmospheric Disturbances on Photoionization 
The change in photoionization caused by an atmospheric disturbance 
can be determined from the expression for the perturbed photoionization 
rate. By straightforward algebraic manipulation, it is shown that the 
perturbation in ionization can be written as two terms, one due to the 
perturbation in the optical. depth caused by the disturbance and the other 
due to the changes in the local concentration of the neutrals which the 
disturbance produces, The approach used is outlined in Figure 6-4. 
The rate of production of electrons per unit volume by photoiofiiza- 
tion, q, is given by 
(6-47) 
where summations are over the neutral species k and wavelength bands j, 
and the quantities have the following meanings 
= f l w  in jth band outside atmosphere, - 3 
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I Total photoionization 
Perturbation in optical depth 
' due to wave 
I 
Perturbation in q due to changes 
in local concentration 
Total perturbed photoionization 
Nnl 
q' = - *@q0 - 5: T ?  (6-56) 
Nno J J Oj 
Fig. 6-4. DETERMINATION OF THE PERTURBED PHOTOIONIZATION 
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7 = op t i ca l  depth i n  j t h  wavelength band, - j 
= ionizing e f f ic iency  of k th  species f o r  j t h  wavelength band, 
= absorption cross-section of k th  species f o r  j t h  wavelength band, 
5 k  - - 
0 - - f k 
and Nk = concentration of k t h  neut ra l  const i tuent .  - 
Optical  depth i s  given by the  following 
(6-48) 
therefore  the  per turbat ion i n  op t i ca l  depth caused by an atmospheric 
disturbance may be given as  
7' = Ojk i d s  (6-49) 
j 
Consider t he  t o t a l  production as being composed of a perturbed 
and an unperturbed par t  
+ T q )  
Examine the  f a c t o r  e -(Tjo j 
-7 -7 
j o  
-(Tjo + Tq.1 
(1 + 7?/7.  1 Jo e @  
J JO 
e (6 -52)  
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Taking the  binomial expansion of the t e r m  i n  parenthesis and 
simplifying gives  
(6-53) 
theref  ore 
whence 
-7 -7 
q' = 3 [aje Jo  E Il j k j k k  5.  N ' ] - c J [g. J J  T!e  j E 'jk5jkNko1 (6-55) 
Assume t h a t  Ni/Nko is  independent of species;  then 
qo - c 7' q Nl'l q' = - Nno J j oj (6-56) 
where q i s  the unperturbed production 
due t o  the  j t h  band. 
oj 
- 
Eq. (6-56) is  an expression for t he  pekturbation i n  production caused by 
any disturbance which changes the  d i s t r ibu t ion  of the  neu t r a l  atmos- 
phere. Each of t h e  two terms on the  r,h.s. of Eq, (6-56) has a very 
d e f i n i t e  physical meaning. The f i r s t  gives  the  change i n  photoionization 
due t o  changes i n  t h e  neut ra l  concentration a t  the point  of i n t e r e s t .  
The second gives  the var ia t ion  due t o  changes i n  the so l a r  f l u x  reaching 
the  point  of i n t e r e s t  caused by the r ed i s t r ibu t ion  of neut ra l  p a r t i c l e s  
along t h e  path t rave led  by the  rad ia t ion ,  T h i s  point was discussed by 
P Hooke [1968a]; h i s  approach was l e s s  general than the one used here, 
s ince  he assumed a monochromatic f lux  of rad ia t ion  and a neu t r a l  atmos- 
phere containing a s ingle  const i tuent  i n  order t o  obtain an expression 
f o r  q9 which could be dealt  with ana ly t i ca l ly ,  
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E,  Effect  of Atmospheric Disturbances on Loss Processes 
A t  the  heights of i n t e r e s t  the photoionization of molecular ions 
can be neglected, The react ions which w i l l  be considered are  the 
following: 
0 + hv + 0" + e r a t e ,  q (6-57) 
r a t e  coef f ic ien t ,  y (6-58) + 0' + N2 + N O  + N 
r a t e  coef f ic ien t ,  Q (6-59) + NO + e + N + O  
I n  the above set of equations N stands f o r  nitrogen and not f o r  e lec t ron  
concentration as  i n  the rest of the t e x t ,  At the a l t i t udes  of i n t e r e s t ,  
the react ion described i n  Eq. (6-58) proceeds more slowly than tha t  i n  
Eq, (6-59) due t o  the  lack of molecules of N and is  therefore  the con- 
t r o l l i n g  react ion a t  those heights. A l i nea r  formula may be used t o  
describe the  e lec t ron  lo s s  
2 
R = @N (6-60) 
where 
The per turbat ion i n  the  lo s s  caused by the presence of an atmos- 
pheric disturbance is given by 
4' = B9N0 + (6-61) 
where 
y w i l l  be assumed independent of temperature, Neglecting any 
per turbat ion i n  y, Eq, (6-61) may be wr i t ten  
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(6-64) 
F. Continuity Equation: Conclusion 
Now t h a t  a l l  the  terms i n  Eq, (6-2) have been examined i n  d e t a i l ,  
the  results of the  preceding sect ions w i l l  be combined here with t h a t  
equation t o  give a complete expression f o r  the  l inear ized  e lec t ron  con- 
t i n u i t y  equation. 
In  Eq, (6-2) there  i s  a term of the  form q' - A ' ;  using Eqs.  (6-56) 
and (6-64) t h i s  becomes 
Note t h a t  below the  F-layer peak photochemical equilibrium is a 
good approximation during unperturbed conditions and t h a t  q 
Therefore, Eq. (6-65) shows tha t  t he  change i n  l o s s  rate due t o  a change 
i n  8 e f f e c t i v e l y  cancels the  change i n  production due t o  l o c a l  concen- 
t ra t ion changes at the  point of interest .  A t  higher l eve l s  where photo- 
chemical equilibrium i s  no longer a good approximation, the importance 
of t he  production and l o s s  terms i s  g rea t ly  decreased. Therefore, the  
cance l la t ion  w i l l  be assumed t o  ex is t  a t  a l l  heights  (although it is  
s t r i c t l y  t rue  only when photochemical equilibrium e x i s t s )  and Eq. (6-65) 
may be s implif ied t o  give 
= PONO. 0 
q' - A' = - N' - C 7'. qoj (6-66) 
0 J J  
Subs t i tu t ing  Eqs, (6-46) and (6-66) i n t o  Eq, (6-2) results i n  the  
following: 
a N  ' 2 )] NP .+ a (NoUnb) -- A(?) - B 
ab a t  
- (L N U ) = - poN' - 3 7'. qoj 
ab Nno o do J 
(6-67) 
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The following de f in i t i on  of C w i l l  be made, 
a "do - -  3 C ( r )  E - - - 
ab 0 ab 
Upon sfmplif icat ion t h i s  becomes 
A(a(& 2 - 7 s i n  D 
P P 
C ( r )  f - 
(6-68) 
(6-69) 
Another new quazltity D w i l l  a l s o  be def ined,  
(6-70) 
3 
D ( r , t )  - Z 7'. qoj - - 
J J  
Eq, (6-67) may now be rewr i t ten  as follows: 
(6-71) 
Eq. (6-71) is the p a r t i a l  d i f ee ren t i a l  equation which must be 
solved i n  order t o  determine changes i n  the  e lec t ron  concentration pro- 
duced by the  passage of an atmospheric disturbance. This equation can- 
not be solved ana ly t ica l ly ;  numerical solut ions w i l l  be considered i n  
the  following section. Once the  per turbat ions i n  the  e lec t ron  concen- 
t r a t i o n  have been found, it is  very simple t o  determine the f luc tua t ion  
i n  t h e  e lec t ron  content,  Columnar electron content i s  given by 
(6-72) 
where ds is 811 element of path length along which the content i s  being 
determined, The per turbat ion i n  the e lec t ron  content i s  then simply 
(6-73) 
The details involved i n  f inding I' w i l l  be discussed i n  the following 
sec t ion  
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G, Numerical Analysis 
1, Boundary and i n i t i a l  conditions 
Before the  a r r i v a l  of the disturbance i n  the neut ra l  atmosphere, 
Hence N' = 0 would appear t he  e lec t ron  concentration was unperturbed. 
t o  be an appropriate i n i t i a l  condition f o r  solving Eq. (6-71). 
Atmospheric disturbances induce changes i n  the  ionosphere primarily 
because the ion iza t ion  i s  coupled by co l l i s ions  t o  motions i n  the neut ra l  
atmosphere, A t  low a l t i t u d e s  the  e lec t ron  concentration becomes small 
enough so t h a t  f luc tua t ions  i n  the ion iza t ion  caused by the  disturbances 
cannot be de tec ted .  Therefore, a reasonable lower boundary condition 
would be N '  = 0 at an appropriate height.  A t  high a l t i t u d e s  N '  a l s o  
approaches zero due not only t o  s m a l l  e lec t ron  concentration but a l s o  
due t o  the fact that  the  disturbance i n  the  neut ra l  atmosphere i s  damped 
by viscous fo rceso  The upper boundary condition which w i l l  be used i s  
a l s o  N '  = 0, Based on Thome's [1968] observations of LS T I D s ,  N' = 0 
would be roughly t r u e  a t  150 km and again at 600 or 700 km. Precise  
l i m i t s  a re  d i f f i c u l t  t o  assign because of the  inaccuracy of the data 
a t  high and low a l t i t u d e s .  
data  f o r  LS TIDs f o r  the  very important 200 t o  400 km height range but, 
unfortunately,  do not extend t h e i r  observations t o  heights where we 
need t o  e s t ab l i sh  our boundary conditions. However, the precise  heights 
a t  which the boundary conditions a re  applied i s  probably not too important 
when studying changes i n  t h e  e lec t ron  concentration and even less when 
studying per turbat ions i n  e lec t ron  content j u s t  as  long as  they  a re  near 
or  outside the  200 t o  400 km range. 
Tesud and Vasseur [1969] present excel lent  
2. Numerical so lu t ion  
A f i n i t e  difference approach w i l l  be used t o  obtain solut ions t o  
Eq, (6-71). L e t  N; denote the per turbat ion i n  the e lec t ron  concen- 
t r a t i o n  a t  the  i t h  height s t e p  and the - j t h  t i m e  s tep.  
be k and the  increment i n  displacement along the  f i e l d  l i n e s  be h. 
,j 
L e t  the t i m e  s t ep  - 
Using the Crank-Nicholson impl ic i t  method [Crank and Nicholson, 
19471, the following difference equation may be wri t ten f o r  Eq. (6-71): 
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- 2N' - 2 N i  + N' + N' - Nf Ai i ,  j+l 
N' 
' = -  
,j+l i-1, j+l i+l, j i ,  j k 2h 2 INi+19 j+l 
(6-74) Bi . I  +I;- - Nf . I  + C . N '  + Di 
+ Nf-l,J 9J 1 i , j  , j  
For brevity let  x = N9 i i9j+l 
Nf = N! 
l , j  
Then 
N; A N' A i N i  AiXi *iXi,1 i i+l + 'i Ai - -  - x  + - -  k 2h2 i+l h2 = E- 2h2 h2 2h2 
A i N i - 1  '3% *i - -N! + C N' + Di 
+ Ni+l h 1 i i  + 2h2 
Ai L e t  ai = - -
2h2 
I Ai p i = - , + -  
h2 
(6-75) 
(6-76) 
(6-77) 
Then 
ixi + Qrixi+l = yi i = 1 , 2 , , , . . , a e e c e 2 . N - l  (6-78) 
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The boundary conditions are  X = 0 and XN = 0. 
0 
= 0 implies y = D. f o r  j = 1, 
i 1 
One now has the following system of equations 
0 + PlX1 + Qlp, = Y, 
W2X1 + ' x 4- a2x3 2 2  = Y, 
(6-79) 
- 
N-1 5 - 2  e 'N-1 'N-1 + - YN-1 CY 
These equations can be solved using Gauss' el imination method. 
X .  is  determined i n  terms of X 
1 i+l '
where 
Xi = EiXi+l + Fi 
E = O , F  = X  = O  
0 0 0 
so 
(6-80) 
(6-81) 
(6-82) 
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Since X - 0, XNql may be found and so on by back-substi tution 
u n t i l  X1 i s  found. 
(equivalent t o  knowing i n i t i a l  y's) the p r o f i l e  at j = 2 can be found 
and so on for later t i m e s .  
M -  
Since the i n i t i a l  per turbat ion p r o f i l e  is  known 
3 Integrated e f f e c t s  
Referring t o  Eq. (6- the per turbat ion i n  e lec t ron  content may 
be wr i t t en  as a summation, C N t A s  where the  As are increments along 
the  path of interest and the  N' a re  e lec t ron  concentration per turbat ions 
a t  t h e  center of each increment, 
J J j' j 
j 
Eq, (6-71) must be solved once f o r  each N' desired. The solut ion 
j 
is  carried out along a f i e l d  l i n e  and the  point a t  which tha t  f i e l d  l i n e  
intersects the path along which the  perturbed content is  being calculated 
provides one N' As t he  so lu t ion  of the equation is  obtained, a series 
of values f o r  N' at some height along the  path of i n t e r e s t  is  determined. 
Such a process i s  repeated along many f i e l d  l i n e s  u n t i l  enough N' ' s  are 
determined t o  use the  summation. Assuming t h a t  n height s teps  are  used 
and t h a t  m iterations of I' a re  des i red ,  then nm i t e r a t i o n s  of Eq, (6-71) 
must be ca r r i ed  out.  The process involved can be qui te  t i m e  consuming 
i f  s m a l l  s t ep  s i z e s  are used, 
3" 
j 
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Chapter VII 
MODEZS 
I n  order t o  carry out the  numerical so lu t ion  of Eq. (6-71) various 
models must be adopted, Models are  needed f o r  t he  atmospheric d i s tur -  
bance, t he  ionosphere, the neut ra l  atmosphere, and the  so l a r ,  spectrum. 
Specifying a model f o r  the atmospheric disturbance i s  a pa r t i cu la r ly  
d i f f i c u l t  task, Most of the  theo re t i ca l  work published so f a r  on the  
ionospheric effects of atmospheric disturbances has been based on the 
assumption t h a t  the  observed ionospheric disturbances have a quasi-periodic 
character  and t h a t ,  therefore ,  use of a s inusoidal  steady state analysis  
i s  a va l id  approach. 
a t ion  is  s u f f i c i e n t l y  small so tha t  use of a purely real horizontal  wave 
number i s  a good approximation. As a r e s u l t  of t he  work presented i n  
Pa r t  I ,  the  v a l i d i t y  of such assumptions becomes questionable f o r  the  
case of la rge  sca l e  TIDs, I t  was shown i n  Chapter I V  that f o r  the case 
of such TIDs there  is  considerable a t tenuat ion of the atmospheric d i s -  
turbance, a f a c t  not previously demonstrated. The at tenuat ion appears 
t o  be s u f f i c i e n t l y  high io prevent any subs t an t i a l  o s c i l l a t i o n  of the  
atmosphere. Therefore, the disturbances should tend t o  propagate as  
s ing le  pulses,  as w a s  indeed shown t o  be the  case a t  midlat i tudes 
(Chapter 111). It was a l s o  shown that  because of the regular ly  recurring 
source of the disturbances,  there  is  of ten  an appearance of per iodic i ty  
i n  a t r a i n  of TIDs. This may have been one of the  reasons why previous 
workers have considered the  s inusoidal  s teady  state analysis  approach 
a s  adequate when considering these disturbances,  The question of t he  
v a l i d i t y  of such a technique should be ca re fu l ly  examined i n  a fu ture  ’ 
invest igat ion.  Nevertheless, i t  should be pointed out t ha t  Hines [1968], 
using a s inusoidal  atmospheric grav i ty  wave model, has been able t o  
obtain p r o f i l e s  of t he  per turbat ions i n  the  neut ra l  concentration which 
qua l i t a t ive ly  agree with observed per turbat ions i n  e lec t ron  concentra- 
t i o n  (determined by incoherent scatter means) which were due t o  a la rge  
scale TID. For the  case of medium scale TIDs,  Thome and Rao [1969] have 
obtained encouraging r e s u l t s  with the  coupling between a sinusoidal wave 
Such a method impl i c i t l y  assumes tha t  t he  attenu- 
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and the ion iza t ion  included, The r e s u l t s  which w i l l  be presented here 
are  prfmarily an extensllon of the work of Hines [1968], who invest igated 
the  inf luence of molecular t ransport  d i ss ipa t ive  processes on the shape 
of phase surfaces  of atmospheric grav i ty  waves, However, he d i d  not 
consider t he  coupling between the  atmospheric wave and the ionizat ion 
which is included here. As previous workers [e,g. Hines 1968; Hooke 
1968a; Thome and Rao, 19691 have done, w e  w i l l  use a monochromatic 
atmospheric wave having a purely r e a l  horizontal  wave number, w e l l  aware 
t h a t  t h i s  a r b i t r a r y  assumption and the  a r b i t r a r y  choice of a wave number 
are not r e a l l y  defensible for l a rge  scale TIDs, This is  done i n  order t o  
I
-' -' 
obtain a general  f ee l ing  for a problem whose so lu t ion  i s  beyond the scope 
of t h i s  work. 
The models which are used f o r  t he  atmospheric disturbance Sere based 
on the  r e s u l t s  of Hines [I9601 and those of Pitteway and Hines [1963], 
as extended by Thome and Rao [1969], f o r  i n t e r n a l  atmospheric grav i ty  
waves. The f i r s t  of these models [Hines 19601 does not include the 
e f f e c t s  of v i scos i ty  o r  heat conduction; hence the  wave amplitude grows 
with height  i n  a manner which i s  unacceptable for disturbances extending 
-
-' 
t o  very high a l t i t u d e s .  
second model a re  more reasonable, although ca lcu la t ions  are done using 
both for t he  sake of comparison. 
which are used here a re  f o r  the  case of an isothermal atmosphere with 
constant kinematic v i scos i ty ,  I n  order t o  include the  v e r t i c a l  var ia t ion  
of temperature and, i n  p a r t i c u l a r ,  the exponential. increase of kinematic 
v i scos i ty  w i t h  height ,  a number of isothermal layers  a re  used; within 
each the  kinematic v i scos i ty  i s  constant,  The multiple layer approach 
used i s  similar t o  t h a t  of Thome and Rao [1969], and seems t o  be more 
reasonable than a s ing le  isothermal layer ,  However, a separate  disper- 
s ion r e l a t i o n  must be solved for each layer  and the  resu l t s  obtained for 
each l aye r  are therefore  independent of the  r e s u l t s  f o r  other  layers, 
which is  not a completely sa t i s f ac to ry  s i tua t ion ,  
Therefore, f o r  t h i s  study r e s u l t s  based on the  
The r e s u l t s  of Pitteway and Hines [1963] 
The horizontal  wavelength which w t l l  be used (3000 km) is  roughly 
twice the  "length" of 8 t yp ica l  TID pulse,  
is treated as the  equivalent of a half  cycle. 
chromatic wave used (90 minutes) is about twice the  "width" of a typ ica l  
pulse ,  
n other  words, the  pulse 
The period of the  mono- 
Because of t he  r a t e  at which substorms recur during disturbed 
s n  -70- 05 1 3.0% 
periods,  very s imi la r  values would be obtained, by coincidence, if a 
t r a i n  of la rge  scale TIDs were ( fa l se ly)  regarded as  periodic.  
I n  addition t o  the l imi ta t ions  already mentioned concerning the  
atmospheric waves used, several  others  a l s o  apply. For the very long 
wavelengths considered, the assumption of a plane ea r th ,  used i n  obtaining 
the equations describing the  wave, approaches the l i m i t s  of i t s  va l id i ty .  
The e f f e c t  of ion drag on the waves is  a l s o  neglected. One ser ious 
d i f f i c u l t y  relates t o  the use of the dispersion r e l a t ion  of Pitteway 
and Hines [1963]. Both viscous and thermal conduction e f f e c t s  operate 
together and are of the same order of magnitude. In  the analysis  used 
here the  thermal conduction e f f e c t s  are included by an a d  hoc increase 
i n  the  coef f ic ien t  of v i scos i ty ,  although it w a s  assumed tha t  the pro- 
cess i s  adiabat ic  i n  obtaining the  dispersion re la t ion .  
I t  i s  believed t h a t  the  models chosen f o r  the  ionosphere, neut ra l  
atmosphere, and so la r  spectrum are  the m o s t  reasonable avai lable  f o r  a 
study of the sort done here. However, f o r  an invest igat ion of a p a r t i -  
cu la r  event, use of measured parameters for the  t i m e  of i n t e r e s t  would 
r e s u l t  i n  a de f in i t e  improvement. 
The models which w i l l  be used do not correspond t o  geomagnetically 
disturbed conditions. A s  was shown i n  Chapter 11, these disturbances 
general ly  occur during disturbed conditions. However, as  w a s  a l so  shown 
(cf .  Figure 2-10) many occur f o r  r e l a t i v e l y  undisturbed conditions (aver- 
age K less than 4).  The disturbances occurring during highly disturbed 
periods have very la rge  emplitudes and it i s  possible tha t  t he  perturba- 
t i o n  approach used i n  the preceding chapter is  not applicable a t  such 
t i m e s ,  However, f o r  r e l a t ive ly  undisturbed conditions the perturbation 
ana lys i s  seems very reasonable and a t  such t i m e s  the  models presented i n  
t h i s  section become useful.  The numerical r e s u l t s  which w i l l  be obtained 
may become less meaningful under highly disturbed conditions. The 
following sect ions describe i n  de t a i l  the models used. 
P 
A D  Neutral Atmosphere 
During the  period of in te res t ,  1967-1969, the average value of PO 
-22 -2 -1 
c m  so l a r  f l ux  w a s  147.8, i n  units of 10 W m Hz For 1967 the 
average value w a s  143,2, while f o r  1968 and 1969 it  was 149.1 a n d  151.2 
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respect ively.  
In te rna t iona l  Reference Atmosphere 1965 [CIRCS9 19651 model number 6 ,  
This model i s  f o r  moderate solar a c t i v i t y  and correspondsto a 10 cm 
f lux  l eve l  of 150, Since fo r  a l l  th ree  years of interest  the 10 cm f lux  
l eve l  w a s  near 150 and varied l i t t l e  from year t o  year, t h i s  seems a 
reasonable choice a 
The model used f o r  the  neut ra l  atmosphere i s  the  CQSPWR 
-
The densi ty  and  temperature p ro f i l e s  for CIRA model 5 are shown Fn 
Figure 7-1 f o r  day (1200 LT) conditions,  Figures 7-2a and 7-2b show 
p r o f i l e s  of several  parameters which were calculated using these data, 
TEMPERATURE K) 
0 500 IO00 I 500 
Fig,  7-1. TWiIPERATLREE AND DENSITY PROFILES FOR 
THE MQDm A'JYiIOSPHERE USED, 
namely; the  neutral  atmosphere sca le  height,  the kinematic viscosi ty ,  
the speed of sound and the  B r u n t  period, A r a t i o  of spec i f i c  heats  of 
1,67 w a s  used (monatomic gas) ,  The value of the  coef f ic ien t  of visco- 
s i t y  (p) used was 5,4 x 10 kg m s The coef f ic ien t  of v i scos i ty  
w i l l  be assumed independent of height; the value given w a s  calculated 
-5 -1 -1 
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Fig. 7-2(a). PROFILES OF KINEMATIC VISCOSITY AND 
SCALE €€EIGHT FOR THE MODEL ATMOSPHERE USED. 
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Fig. 7-2(b), PROFILES OF THJ3 ISOTHERMAL BRUNT 
PERIOD AND THE SPEED OF SOUND FOR THE MODEL 
ATMOSPHERE USED e 
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using an expression given by Dalgarno and  Smith [1962] f o r  the v iscos i ty  
of atomic oxygen as a function of temperature, The value w a s  chosen t o  
give the best fit  t o  1-1 over the height range of i n t e r e s t ,  The values 
of p determined from Dalgarno and  SmithPs expression d i f f e r  by t en  per 
cent  or less over the 200-600 k m  range from the  value given above. 
Thermal conductivity damps atmospheric grav i ty  waves i n  much the 
s a m e  manner as v i scos i ty  [Pitteway and Hines, 19631 but by a s l i g h t l y  
l a r g e r  f a c t o r  (1,26 times as much). 
be enhanced by t h i s  amount i n  order t o  include the effects of thermal 
conductivity, albeit  i n  only an approximate fashion [c f .  Hines 19681. 
The value of "y" used t o  obtain the "kinematic viscosi ty"  curve shown 
-4 -1 -1 i n  Figure 7-2a was 1,22 x 10 kg m s . 
The coef f ic ien t  of v i scos i ty  w i l l  
-' 
13. Solar  SDectrum and Production and Loss 
The s o l a r  spectrum used is  e s s e n t i a l l y  t h a t  of Hinteregger, H a l l  
and Schmidtke [1965] extrapolated t o  the period of i n t e r e s t  by assuming 
it t o  be proportional t o  10 c m  f l u x  measurements. Table 7-1 shows the 
wavelength bands used and the energy f l u x  assumed f o r  each band. Wave- 
lengths  below 31 were neglected s ince they only a f f ec t  the atmosphere 
below t h e  l eve l  of i n t e r e s t .  The cross-sections given i n  Table 7-1 are 
those of Hinteregger e t  a l e  [1965]. 
Only the photaionization of atomic oxygen is  considered, although 
the  absorption by molecular oxygen and nitrogen is  included. The pro- 
duction of 0 ions is obtained using Eq, (6-47), A t  200 km a rate of 
1300 c m  s is  obtained, while a t  300 kmthe  rate f a l l s  t o  360. These 
values were determined f o r  Stanford a t  l o c a l  noon w i t h  t he  s o l a r  declin- 
a t ion  equal t o  zero, 
+ 
-3 -1 
The rate y for  t h e  react ion i n  EqB (6-58) is  determined as follows: 
photochemical equilibrium is assumed t o  apply at 200 t o  220 km, i , e , ,  
q = A = PN is  assumed. Using values of q obtained as discussed i n  the 
preceding paragraph and values of N from the  model ionosphere described 
i n  the  following sec t ion ,  P is  determined a t  200, 210, and 220 km, Using 
values of the  concentration of molecular nitrogen from the model neut ra l  
atmosphere, y i s  found a t  each of those heights  and then averaged. T h i s  
value of y i s  then used t o  f i n d  va lues  of B a t  a11 heights using the 
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3 
4 
5 
6 
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10 
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1 3  
14 
TABLE 7-1 
SOLAR SPECTRUM AND CROSS-SECTIONS OF CONSTITUENTS 
WAVELENGTH EFFECTIVE ABSORPTION IONIZATION 
RANGE ( I )  WAVELENGTH ENERGY FLUX CROSS-SECTION CROSS-SECTION - 
(erg c m  's-1) N, 0, 0 0 
~ 
911-1027 98 0 0.52 11.8 5.6 0.0 0.0 
796-911 880 0.60 4.9 14.2 3.0 3.0 
24.6 27.2 4.2 4.2 700-796 98 0 0,23 
6 00- 7 00 620 0.25 23.8 34.6 11.5 11.5 
0.34 24.0 29.0 13.0 13.0 500-600 550 
400-500 470 0.27 22,4 25.4 12.4 12.4 
1.18 6.7 19.5 9.6 9.6 280-400 320 
205 - 28 0 25 0 0.54 3.4 12.6 6.3 6.3 
165-205 180 1.41 2.1 6.6 3.3 3.3 
138-165 160 0.17 1,4 4.2 2 , l  2.1 
103-138 120 0.18 0.9 2.2 1.1 1.1 
62-103 80 0,51 0,5 1,l 0,6 0.6 
0,24 0,2 0.4 0.2 0,2 41-62 51 
31-41 36 0,15 0,07 0,2 0 , l  0.1 
18 (Cross-sections in cm2 x 10 
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3 -1 assumed concentration of N A value f o r  y of 1,8 x c m  s i s  
obtained for Stanford a t  l o c a l  noon, A value of B of 6,8 x s 
i s  obtained a t  200 km while  a value of 4,8 x 10 s i-s found a t  300 
km 
-1 
2" 
-4 -1 
C Ionosphere 
The model ionosphere was obtained using a simulation program based 
on the coupled cont inui ty  and heat flow equations [Waldman, 19701, 
program makes use of observed values of e lec t ron  content as one of the 
necessary boundary conditions,  The e lec t ron  concentration p r o f i l e  f o r  
1200 LT i s  shown i n  Figure 7-3a. 
observed a t  Stanford f o r  the period 1967-1969 is  shown i n  Figure 5-la, 
17 A s  can be seen,the value of content a t  1200 LT i s  3.7 x 10 e lec t rons  
m e T h i s  value was used with the simulation program, 
The 
The average columnar e lec t ron  content 
-2 
Figure 7-3b shows p ro f i l e s  of e lec t ron  and ion temperature which 
were obtained using the simulation program and which a re  used t o  deter- 
mine the plasma temperature. 
D. Atmospheric Disturbances 
It has been suggested t h a t  large scale TIDs are  caused by free 
i n t e r n a l  atmospheric grav i ty  waves whose proper t ies  are  determined by 
the  cha rac t e r i s t i c s  of the thermosphere, Th i s  explanation has been 
advanced by Georges [1968a] andisbased primari ly  on the observed wave- 
f ron t  t i l t s  of the TIDs,  It  has a l s o  been suggested that the TIDs are  
the r e s u l t  of surface waves [Tolstoy, 1967; Thome 1968; Tolstoy and 
Pan, 19701, 
- 9  
I n  the numerical ca lcu la t ions  two models f o r  in te rna l  waves are 
used, The first model is that of Hines [1960], the second that of 
Pitteway and Hines E19631 which includes the effects of viscosi ty .  
both cases a mult is lab approach is used w i t h  a l l  parameters assumed 
-
I n  
constant within each layer. 
1, In te rna l  waves i n  su1 isothermal atmosphere 
It w i l l  be assumed t h a t  the atmosphere is isothermal, of uniform 
compositfon, nonviscous and t h a t  the wave motions of i n t e r e s t  have only 
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Fig. 7-3(a). PROFILE OF ELECTRON CONCENTRATION 
USED. 
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Fig.  7-3(b), PROFILES OF ELECTRON AND ION TEMPER- 
ATURE USED I N  THE CALCULATIONS, 
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perturbat ion magnitude. 
of i n t e r e s t  r )  
The following equations then govern the  motions 
T n  n e VP,,) 
These are the  l inear ized  equations of motion, adiabat ic  s t a t e  and 
cont inui ty .  c is  the  speed of sound, given by 
~ 
= tYPno/Pn,12 (7-4) 
p is the  pressure,  p i s  the  densi ty  and y is  the  ratio of spec i f i c  heats. 
A so lu t ion  of Equations (7-1) toe-3) w i l l  be sought such tha t  
Using these solut ions and t h e  above equations, the dispersion r e l a t ion  
below is found 
Assuming Kx E k (purely real), KZ is  purely imaginary or 
X 
KZ = kZ + i / W  (7-7) 
2 where H = c /yg 
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The la t ter  choice is  appropriate f o r  i n t e r n a l  waves. I t  can then be 
shown that the following "polarization re la t ions"  r e l a t e  the  parameters 
of i n t e r e s t  
R = w 2 kZ + i ( y  - 1) gkx 2 - iygw 2 2  /2c 
x = wkx c 2 [kz - i(l - y/2) g/c 2 1 (7-10) 
2 2 2  
Z = W [ W  - k X c ]  (7-11) 
The preceding discussion has been based on the r e s u l t s  of Hines [1960]. 
For deta i l s  the  in t e re s t ed  reader is  re fer red  there  or t o  Georges [1967]. 
-
By assuming values f o r  w and k x' k z can be found using the  disper- 
s ion r e l a t ion .  Using the polar iza t ion  r e l a t ions  and a model atmosphere, 
the quan t i t i e s  of interest, U and pJI may be found i n  terms of one 
another 
nx9 'nz~ 
2. In t e rna l  waves i n  an isothermal atmosphere w i t h  v i scos i ty  
In  order t o  obtain so lu t ions  f o r  t h e  form of Eq. (7-51, the  kine- 
matic v i scos i ty  w i l l  be assumed constant. I n  t h a t  case the equation of 
motion becomes [Pitteway and Hines, 19631 
(7-12) 
where p is  the  coe f f i c i en t  of v i scos i ty .  ,The dispersion r e l a t i o n  now 
becomes [Pitteway and Hines, 19631 
2 
w(w - iqCp)[w2 - 4 i w v 3  + c2)Cp] + kx (g + iw?l/H)cg(y - 1) - 2iwv3H] = 0 
(7-13) 
where 7 = p/pno is the  kinematic v i scos i ty  
2 2  2 and Cp = kx + kZ + 1 /4H 
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The polar iza t ion  r e l a t ions  for t h i s  case have been obtained by 
Thome arad Rao [1969], Those re la t ions  are 
R = w  2 Kz + i ( y  - 1) gKx 2 - iw2/H - iv: Kzw + i m z w / H  2 
- iwz 3 w + 5 '@: w/H - 2T)K: w/H (7-15) 
(7-16) 2 2 X = wKx KZ c2 - igwK + i v  Kx KZ w /3  + Kx w /H X 
Z = w 3 - wKX c2 - wz w2/H - 1: .4 7 Kx 2
As for the  nonviscous case, the dispersion 
(7-17) 2 2 2  w - iVz w 
r e l a t ion  and  the polar izat ion 
r e l a t ions  are  used t o  determine the  re la t ionships  between Unx, Unz, and 
P i  
3. Multislab approach 
Over the height range of i n t e r e s t  the  parameters i n  the  dispersion 
equation and polar izat ion r e l a t ions  vary a grea t  deal. Therefore, a 
number of s labs  w i l l  be used; within each s l a b  the  temperature is  taken 
as constant,  Each slab is 10 km thick,  The dispersion equation and 
polar iza t ion  r e l a t ions  are applied i n  each layer  t o  determine Urn, 
and PA. 
viscous case,  s h c e  7 w a s  assumed independent of height,  whereas it 
ac tua l ly  increases exponentially. 
'nz 9 
Such an approach is  pa r t i cu la r ly  important i n  dealing with the 
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CHAPTER V I 1 1  
RESULTS 
This chapter i s  devoted t o  a study of resu l t s  obtained using the  
theory developed i n  Chapter VI along with the  models of Chapter V I I .  
Except f o r  t he  l imi ted  height range used, t he  r e s u l t s  of Chapter VI 
are qu i t e  general. The l imi t a t ions  of t h e  models of Chapter V I 1  have 
already been dtscussed and should be recognized when considering t h e  
results presented here. The wave parameters which w i l l  be used i n  t h i s  
chapter ,  unless otherwise s t a t ed ,  are as follows: horizontal  wavelength, 
3000 km, period, 90 minutes, wave amplitude (horizontal  ve loc i ty  of the  
-1 neu t ra l  gas) ,  20 m s a t  200 km. The d i rec t ion  of t r a v e l  of t h e  wave 
i s  assumed t o  be from dipole north t o  south. These parameters w i l l  be 
r e fe r r ed  t o  as the  "standard" parameters. 
of t r a v e l  of 556 m s . I n  addi t ion,  a l l  ca lcu la t ions  are f o r  l oca l  
noon at Stanford (geographic coordinates: 37.4O N,  122.2' W; dipole 
They imply a horizontal  speed 
-1 
coordinates: 43.8' N ,  299.6" E) ,  unless otherwise stated. Figure 8-1 
shows p i c t o r i a l l y  t h e  re la t ionship  between t h e  wave vector and the  dipole 
Fig, 8-1, PICTORIAL VIEW OF QUANTITIES ASSOCIATED 
W I T H  THE WAVE. 
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4 
f i e l d  for the  waves of i n t e r e s t  e The wave vector,  k, i s  near ly  v e r t i c a l ,  
while the  energy flow (group ve loc i ty )  i s  roughly horizontal ,  
The present chapter w i l l  present several  examples which show how 
the  t h e o r e t i c a l  e f f e c t  of an in t e rna l  atmospheric grav i ty  wave on the 
l o c a l  ion iza t ion  depends upon the  complexity of the coupling model used, 
This w i l l  be followed by a discussion of some addi t ional  approximations 
which were used i n  obtaining these examples, 
height of the coupling between the g rav i ty  wave and the  ionizat ion w i l l  
be discussed i n  order t o  explain the  examples which are presented. 
F ina l ly ,  attention w i l l  be given t o  the  e f f e c t  of a gravi ty  wave on colum- 
nar  e lec t ron  content 
Next the dependence on 
A,  Examples 
Figure 8-2 shows resu l t s  obtained using the  theory developed i n  
Chapter V I  and the  models given i n  the  previous chapter. Contours of 
constant per cent f luc tua t ions  i n  e lec t ron  concentration a re  p lo t ted  f o r  
th ree  cases, a l l  using the standard wave parameters. In  obtaining the  
p l o t s  i n  Figure 8-2a and 8-2b, Eq. (6-71) w a s  used i n  the  following form 
which w i l l  be called the c o l l i s i o n  geomagnetic equilibrium (C.G.E.) case. 
p = 0 w a s  also used i n  Figure 8-2a so the  resu l t s  correspond t o  a wave 
i n  an atmosphere with no viscosi ty .  Two cycles of the disturbance are 
shown, with the  negative portions of the  cycles omitted i n  order t o  
improve c l a r i t y ,  Because the  horizontal  wavelength of the wave used i s  
3000 km, the  contours are near ly  horizontal ,  The tilt of the  wavefront 
i n  t h e  ion iza t ion  i s  about 8 O  from the horizontal ,  When no v iscos i ty  
i s  considered i n  the  solut ion,  the amplitude of the neut ra l  gas ve loc i ty  
grows exponentially with height and "perturbations" of 100 percent a re  
reached a t  450 km. 
Because of the f a c t  t h a t  i n  t h e  simple case,  when = 0, the 
wave amplitude grows exponentially w i t h  height,  such a model i s  unsuitable 
for a study of disturbances of large v e r t i c a l  ex ten t ,  although it  may 
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F i g .  8-2, CONTOURS OF CONSTANT PER CENT FLUCTUATIONS I N  
THE ELECTRON CONCENTRATION PRODUCED BY AN INTERNAL AT- 
MOSPHERIC GRAVITY WAVE. T h e  curves are d i s c u s s e d  i n  
the text ,  
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provide useful  i n s igh t s  when considering disturbances restricted t o  the 
region below the F-layer peak, Figure 8-2b show contours obtained f o r  
the C,G,E. case when v iscos i ty  is  added, The addi t ion of v i scos i ty  i s  
the only difference between Figures 8-2a and 8-2b. The addition of 
v i scos i ty  r e s u l t s  i n  an upward turning of the contours a t  high levels ,  
This has been discussed by Hines [1968] and has a l s o  been shown by 
Thome and Rao [1969]. 
Note tha t  there  is a s m a l l  i n f l ec t ion  of the contours i n  Figure 
8-2b near 300 km. The s l i g h t  bending downward of the curves below tha t  
l e v e l  i s  due t o  the v a r i a b i l i t y  of the coupling mechanism w i t h  height.  
Close inspection of the  contours i n  Figure 8-2a reveals a s l i g h t  upward 
bending f o r  the  case when p = 0. Th i s  bending i s  due t o  the f a c t  t h a t  
there is some decrease of the v e r t i c a l  wave number w i t h  height i n  the  
multi-slab model used even when v iscos i ty  i s  not considered. 
Figure 8-2c presents the r e s u l t s  f o r  the case i n  which the complete 
Eq. (6-71) i s  used. Only t h e  per turbat ion i n  production due t o  the 
perturbed op t i ca l  depth t e r m  was o m i t t e d .  This  omission w i l l  be j u s t i -  
f i e d  i n  the next sect ion.  N o t e  t h a t  due t o  the cancel la t ion of the  per- 
turbed production and loss e f f e c t s  mentioned following Eq. (6-651, some 
perturbation" i n  l o s s  and production is always included even i n  the 
simplest cases,  The contours obtained using the complete model ( ire. ,  
a l l  terms i n  Eq, (6-71) included) approach vertical somewhat more than 
the  others .  The changes a t  low l eve l s  r e s u l t  from including the  e f f e c t  
of losses ,  while the inclusion of the  per turbat ion i n  diffusion depresses 
the  concentration per turbat ions a t  higher l e v e l s  and thus causes the 
closing of the contourso 
I? 
Additional Approximations 
The e f f e c t  of omitting the perturbation i n  the  production caused 
by the var ia t ion  of the ionizing f l u x  reaching t h e  point of i n t e r e s t  i s  
negl ig ib le  f o r  the  disturbances studied here a t  l eve ls  above 200 km, 
Hooke [1968a] has shown tha t  the  e f f e c t  on the f l u x  i s  a m a x i m u m  when 
the real par t  of the wave vector is  perpendicular t o  the  sun's rays.  
Since the wave vector f o r  the  disturbances of i n t e r e s t  is  near ly  ve r t i ca l ,  
t h i s  would require  t h e  sun t o  be near the horizon. A t  such times the 
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production e f f e c t s  should be negl ig ib le  due t o  the large zeni thal  angle 
and the  r e su l t i ng  very low so la r  f lux.  
which the ca lcu la t ions  i n  t h i s  sec t ion  w e r e  car r ied  out ,  it has been 
ve r i f i ed  numerically t h a t  the ef-fect i s  negl igible .  The model used i n  
t h i s  ve r i f i ca t ion  included viscous e f f e c t s  and  production and lo s s  (no 
A t  l oca l  noon, the time f o r  
diffusion) .  A wave of 3000 km horizontal  wavelength, 90 minute period, 
30 m s amplitude (at 200 km) and a d i rec t ion  of t r a v e l  from north t o  
south was used. A t  the a l t i t u d e  near 200 km where production effects 
should be a maximum (within the  rangeof in te res t ) ,  per turbat ions due t o  
d i f fus ion  a re  negl ig ib le  and inclusion of these e f f e c t s  does not a f f ec t  
the  rad ia t ion  reaching lower leve ls .  Using a height range of 200-370 km, 
the per turbat ion i n  e lec t ron  concentration w a s  found t o  change by 16% 
at  210 km when production w a s  removed, but by only 4% a t  230 km. The 
integrated e f f e c t  was a less than 1% change when production was removed. 
For the  model used, the e lec t ron  content below 200 k m  i s  very  small, 
about 1.5 x 10l6  e lec t rons  m-2, whereas above t h a t  leve l  it i s  about 
3,5 x 1017 e l ec t rons  m-2. 
concentration per turbat ions below 200 km i s  severely depressed by losses ,  
but even when the e f f e c t  of losses  i s  neglected, the integrated per tur-  
bation below 200 km i s  less than 10% of the t o t a l  content perturbation 
below 600 km under very extreme conditions,  i.e. ~ when per turbat ion 
amplitude does not decrease below 200 km. Therefore, it i s  f e l t  t ha t  
l eve l s  below 200 km may be reasonably neglected. There are important 
p r a c t i c a l  considerations involved i n  making t h i s  assumption. The t i m e  
s t ep  s i z e  used i n  solving Eq. (6-71) must be smaller than the  t i m e  con- 
s t a n t s  of the lo s s  process, otherwise the solut ion w i l l  become unstable,, 
Since f o r  t he  model used l / B  f a l l s  below 60 seconds near 180 km,  very  
small s t ep  s i zes  are required t o  include l eve l s  below 200 km. Typically, 
a t  these l e v e l s  lowering the lower boundary by 20 km requires  doubling 
the computation t i m e .  I n  obtaining the r e s u l t s  of t h i s  chapter, s t ep  
s i z e s  of 7 km and 12  minutes were used i n  the  C.G.E. cases and s teps  of 
14 k m  and 6 minutes were used i n  the others .  
-1 
It i s  expected t h a t  the amplitude of e lec t ron  
C. Height Variation i n  the  Coupling between the Atmospheric 
Wave and the Ionizat ion 
The re la t ionship  between the contours of constant percent f luctuation 
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i n  t he  e l ec t ron  concentration and the  phase surfaces of the atmospheric 
g rav i ty  wave depends upon the  height and t h e  wave parameters, The d i s -  
cussion which follows w i l l  be r e s t r i c t e d  t o  la rge  scale disturbances, 
although it could be readf ly  extended t o  other  types of T I D s ,  
When considering the  coupling between t h e  wave and the  ionizat ion,  
it i s  useful  t o  consider Eq. (6-71) with various terms neglected, depending 
upon t h e  height of in te res t ,  A t  low l eve l s ,  w e l l  below the layer  peak, 
d i f fus ion  is  negl ig ib le  and Eq. (6-71) may be rewrit ten as 
aw a at = - BoNt - - (N U ) ab o nb 
I n  the  s inusoidal  steady state case ( t i m e  varying quant i t ies  having 
i w t  the  form e >, Eq. ( 8 - 2 )  may be solved f o r  N', 
l a  
+ i w  ab (NoUnb) N' = - 
BO 
The p a r t i a l  der iva t ive  of N U with respect t o  b i s  the  wave-induced 
f l u x  divergence and  is the pr inc ipa l  driving t e r m  i n  Eq. (6-7L). From 
Eq. (8-31, it can be seen t h a t  the  phase re la t ionship  between N' and the  
divergence depends upon the r e l a t i v e  s i z e s  of B and w. A t  l o w  l eve l s  
>> w, and  N' and t h e  divergence are i n  anti-phase, A t  such l e v e l s  a 
quas i - s ta t ic  equilibrium e x i s t s  i n  which the  l o s s  and divergence terms 
near ly  balance each o ther ,  The phase re la t ionship  between U and the  
divergence t e r m  depends upon the  r e l a t i v e  importance of the  rate of 
nb growth of N and U with height and t he  rate of change of phase of U 
with height. 
t he  rate of change of phase, the  ve loc i ty  and  the  divergence w i l l  be i n  
phase. The phase re la t ionships  determined using the  f u l l  coupling model 
are shown i n  Figure 8-3a for 228 km. N'  determined using the C.G.E. 
model l eads  the  divergence term ( labeled DIV i n  Figure 8-3) by 90 degrees 
and  is l a r g e r  than t h e  N' shown since inclusion of the  l o s s  damps the  
electron concentration per turbat ion,  
o nb 
0 
nb 
0 nb 
When t h e  rate of growth of No or U i s  much l a rge r  than nb 
Figure 8-3b shows the phase re la t ionships  at 354 km. A t  t h i s  
l eve l  theimportance of the  perturbation i n  loss i s  r e l a t i v e l y  small. 
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228 km 
354 k m  
L O o  .. ( b )  
516 km 
F i g .  8-3. PHASE RELATIONSHIPS BETWEEN THE 
NEUTRAL GAS VELOCITY ALONG THE FIELD LINE,  
N e ,  AND THE WAVE INDUCED DIVERGENCE, DIV.  
R e s u l t s  are given fo r  three heights. 
Unb,  THE ELECTRON CONCENTRATION PERTURBATION, 
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Using the  C,G,E.  model, Unb and N' would be near ly  i n  phase. 
A t  higher l e v e l s  the  importance of t he  per turbat ion i n  diffusion 
becomes very important, 
516 km. 
Unb depends spon the  r e l a t i v e  importance of the rate of change of phase 
and amplitude with height,  Figure 8-3c ind ica tes  t ha t  the r a t e  of change 
of phase i s  somewhat the more important a t  516 km* 
Figure 8-3c shows the  phase relat ionships  a t  
Again the  phase re la t ionship  between the  divergence t e r m  and 
A t  high l eve l s ,  i f  the  perturbation i n  plasma diffusion becomes 
la rge  enough, diffusion w i l l  tend t o  remove any perturbations i n  the 
ion iza t ion ,  and a quas i - s ta t ic  s i t ua t ion  w i l l  e x i s t .  This is approximately 
t rue  at 516 km f o r  t he  model used. The precise  phase between the driving 
term a n d  N' depends upon the amplitudes and  phases of the t e r m s  with co- 
e f f i c i e n t s  A ,  B, and C i n  Eq, (6-71). 
The bending upwards of the contours i n  Figure 8-2c is  pr inc ipa l ly  
due t o  the  e f f e c t  of molecular d i ss ipa t ion  (v iscos i ty  and heat conduction) 
on the  g rav i ty  wave as was suggested by Hines [1968]. 
the coupling mechanism between the ionizat ion and the wave and, i n  
pa r t i cu la r ,  consideration of the  e f f e c t s  of l o s s  and diffusion a l so  
a f f ec t  the shape of the  p ro f i l e s ,  The bending of the contours i n  the  
ion iza t ion  toward the  v e r t i c a l  has been reported experimentally [Thome -' 
1964; Georges, 1968a] e 
The inclusion of 
Figure 8-4 shows schematically the  re la t ionship  between the contour 
Fig.  8-4, RELATIONSHIP BETWEEN PHASE SURFACES I N  THE ATMOSPHFRIC 
WAVE AND C0N"QURS I N  THE PERTURBED IONIZATXON. 
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of maximum neu t ra l  gas ve loc i ty  and the contours of maximum wave-induced 
f luc tua t ions  i n  the  e lec t ron  concentration f o r  the two models used. The 
f igu re  shows t h a t  i n t e rp re t a t ion  of contours i n  the ionizat ion as  phase 
surfaces  may be somewhat misleading. 
D. Integrated Effec ts  
A s  might be expected from an inspection of Figure 8-2, the theore t i -  
c a l  e f f e c t  of grav i ty  waves on e lec t ron  content depends upon the model 
used f o r  the in t e rac t ion  of the wave with the ionization. Table 8-1 
shows some r e s u l t s  f o r  Stanford and f o r  Edmonton,, A l b e r t a  (geographic 
coordinates: 53.4O N,  113.5' W; dipole coordinates: 60.9O N,  302.7O E ) .  
The standard wave model was used f o r  a l l  calculat ions.  
in tegra t ion  v e r t i c a l l y  through the ionosphere the maximum perturbat ion i n  
content changes only s l i g h t l y  when the f u l l  model i s  used instead of the 
C.G.E. model. The f luc tua t ions  i n  the e lec t ron  concentration are de- 
creased by including lo s s  and d i f fus ion ,  but the  change i n  the shape of 
the  contours compensates f o r  t h i s  decrease. 
For a path of 
Calculations are  a l s o  shown for s l an t  paths through the ionosphere. 
The paths used a re  along the  raypaths from the  s t a t i o n s  t o  the geosta- 
t ionary  s a t e l l i t e  ATS-1, whose sub- sa t e l l i t e  point is  150' w e s t  longitude. 
Most of the e lec t ron  content data which a re  used i n  t h i s  study were ob- 
ta ined along these paths.  The e leva t ion  angle at Edmonton when viewing 
ATS-1 i s  considerably lower than a t  Stanford. The same models were used 
at both locat ions.  
Since the re la t ionship  between the wave amplitude, Unb9 and the 
concentration f luc tua t ions  are  related by a l i n e a r  equation, one may 
w r i t e  the  following expression 
N' = NomUn 
where m i s  a constant of proport ional i ty  t h a t  can be determined numeri- 
c a l l y  using the  models which have been developed. N' and U are  ampli- 
tudes.  A similar expression may be wr i t ten  f o r  the per turbat ion i n  
e lec t ron  content a 
n 
I' = Io "h Unh 
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TABLE 8-1 
THEORETICAL ELECTRON CONTENT PERTLTRBATIONS 
CAUSED BY INTEmL ATMOSPHERIC GRAVITY WAVES 
Stwif ord 
(electrons m-'I 
x 10- 
90 
Nodz 
0 
( vert ical I 
90 
N q  dz 
G 
90 
Nods 
230 
(s lant  - to ATS-1 at 150' W) 
3.90 
Edmonton 
(electrons m-2> 
x 10- 
2.61 
0,17 
0,19 
5,50 
0,32 
0,22 
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where U 
value of m which i s  weighted by the  p r o f i l e s  of e lec t ron  concentration 
and wave ve loc i ty  and depends upon the  height h chosen. 
be determined numerically using the models developed. The amplitude 
of a disturbance causing a TID can be estimated using Eq. (8-5) along 
with models f o r  the coupling process and wave amplitude and concentration 
p ro f i l e s ,  when the e lec t ron  content and the  per turbat ion i n  content are  
known e 
i s  the wave amplitude a t  some height h and % is  an average nh 
"h can Again, 
The r e l a t i v e  amplitude of the per turbat ion i n  e lectron content w i l l  
be defined as follows: 
R = I'/I 
0 
(8-6) 
Therefore, R i s  a measure of t he  amplitude of the  wave and i s  more 
meaningful than I', since the value of I '  i s  proportional t o  I . 
0 
The most important information t o  be obtained from Table 8-1 i s  
a comparison of m at the two s t a t i o n s  f o r  the slant path. For the C.G.E. 
/m = 0.54. For the  f u l l  model the r a t i o  becomes 
0.62, Therefore, f o r  a wave with the given parameters, l a rge r  per tur-  
bat ions i n  e lec t ron  content a r e  expected a t  Stanford than a t  Edmonton. 
?Edmonton Stanford 
Figure 8-5 shows the relative s e n s i t i v i t y  of e lec t ron  content 
measurements along the  Stanford t o  ATS-1 path t o  the e f f e c t s  of atmos- 
pheric  waves of t h e  s t anda rd  type as a function of the d i rec t ion  of the 
wave normal. 
south. The symmetry with respect t o  the north-south d i rec t ion  i s  
obvious. Waves coming from within f 40" of dipole north are the most 
r ead i ly  detected. The s e n s i t i v i t y  is  down by nea r ly  one half f o r  waves 
coming from the south. 
180° i n  the  p lo t  means propagation from dipole north t o  
The la rge  anisotropy i n  Figure 8-5 is  caused by the  v a r i a b i l i t y  
i n  coupling between the  atmospheric wave and the  ionizat ion as the  
wave normal d i rec t ion  var ies .  The component of t he  neut ra l  gas ve loc i ty  
along t h e  f i e l d  l i n e s  i s  the most important f a c t o r  i n  determining the 
amplitude of the  f luc tua t ions  i n  the  e lec t ron  concentration, When the  
wave i s  t r ave l ing  from east t o  w e s t  or viceversa, the  only ve loc i ty  
component along the  f i e l d  l i n e s  i s  due t o  the  v e r t i c a l  component of the  
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270” 
F i g ,  8 - 5 ,  VARIATION IN SEPlSITIVITY OF MEASUREMENTS TO DIRECTION OF 
TRAVEL OF THE ATEAOSPNERIC WAVE. Calculatlons are for the Stanford 
t o  ATS-1 raypath, 
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neu t ra l  gas veloci ty .  Since t h i s  i s  much smaller than the horizontal  
component, the  concentration f luc tua t ions  are much less than f o r  north- 
to-south propagation. These smaller f luc tua t ions  i n  e lec t ron  concentra- 
t i o n  r e s u l t  i n  a smaller per turbat ion i n  the  e lec t ron  content. 
per turbat ion produced by a wave t rave l ing  poleward i s  smaller than f o r  
The 
one going toward the  equator because the la t ter  has i t s  neut ra l  gas 
ve loc i ty  more fn t he  d i rec t ion  of t he  f i e l d  (cf. Figure 8-1) The 
ca lcu la t ions  done t o  obtain the r e s u l t s  i n  Figure 8-5 used the f u l l  
model f o r  coupling between the wave and the  ionizat ion.  The in tegra t ion  
was over t he  height range 230 t o  590 km. The s e n s i t i v i t y  pa t te rn  obtained 
depends upon the  parameters of the  wave, the  path of in tegra t ion  and the 
observer locat ion.  More de ta i led  s tudies  of t h i s  s o r t  which were based 
on simpler models, but which considered var ia t ion  i n  other parameters 
besides d i rec t ion  of propagation, have been car r ied  out by Hooke [1968b] 
and Georges and Hooke [1970]. 
E ,  Discussion 
The importance of d i f fus ion  i n  the resu l t s  presented undoubtedly 
depends t o  a f a i r l y  la rge  extent  on the  models used f o r  the ionosphere 
and neu t r a l  atmosphere and the r e s u l t s  obtained may not apply w e l l  t o  
any p a r t i c u l a r  day. However, they do ind ica te  the importance of diffu-  
s ion a t  high l eve l s  i n  ca lcu la t ions  of the  s o r t  done here. 
In t e rp re t a t ion  of contours observed i n  the ionizat ion i n  terms 
of phase surfaces  of the atmospheric waves may be somewhat misleading. 
Workers who study these disturbances using rad io  techniques should take 
care  when evaluating t h e i r  r e s u l t s  d i r e c t l y  i n  terms of atmospheric 
waves. Other problems a l s o  a f f ec t  the  in t e rp re t a t ion  of atmospheric 
wave-induced f luc tua t ions  i n  e lec t ron  content,  as  has been discussed 
by Georges and Hooke [1970], 
t i o n  through the  e lec t ron  concentration f luc tua t ions  and the  lo s s  of 
information i n  t h i s  fashion. However, t he  d i f f i c u l t i e s  they discuss 
do not have such a la rge  influence f o r  the  type of disturbance studied 
here. 
dipole north t o  south a t  midlati tudes.  Figure 8-5 shows t h a t  the sensi-  
t i v i t y  t o  disturbances drops t o  one-half f o r  t ravel  a t  f 75O from dipole 
These problems are related t o  the integra-  
A s  w a s  shown i n  Chapter 11, LS T I D s  t r a v e l  within about f 20' of 
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north to  south, Therefore, disturbances coming from well outside the 
observed range would be detectable i f  they were present. In general 
the problems besetting the use of electron content measurements in  
studying smaller scale  disturbances are of much l e s s  importance when 
dealing with disturbances of the scale  discussed here. 
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CHAPTER I X  
PAL CONCLUSIONS 
The pr inc ipa l  purpose of t h i s  study has been t o  relate the ob- 
served cha rac t e r i s t i c s  of a type of TID t o  a pa t t e rn  of phenomena 
occurring a t  high l a t i t udes .  I n  pa r t i cu la r  it has been shown t h a t  these 
TIDs o r ig ina t e  i n  the  evening sec to r  of the auroral  oval and tha t  t he i r  
source i s  related t o  the occurrence of polar  substorms. I n  addition, 
numerous details concerning the  morphology of the disturbances have been 
presented, including information about t h e i r  ve loc i t i e s ,  amplitudes and 
t i m e s  of occurrence. The r a t e  a t  which the  atmospheric disturbances 
which cause these TIDs are  damped has been studied and a possible source 
related t o  the  occurrence of wes tward  t rave l ing  surges has been suggested. 
Throughout the  preceding chapters the t e r m  "large scale TID" has 
been used t o  describe thedis turbances of i n t e r e s t .  The name is  suggested 
by the  la rge  s p a t i a l  scales found i n  the  disturbances and has been used, 
sometimes with minor var ia t ions ,  by numerous workers. Since the re la t ion-  
sh ip  between these disturbances and polar substorms has been f i r m l y  es ta -  
bl ished,  it now seems reasonable t o  adopt a d i f fe ren t  name, one re la ted  
t o  t h e  source of t he  disturbances. 
TID" has been used by Georges and Hooke [1970] and seems t o  be most 
appropriate a 
The t e r m  "polar substorm related 
I n  addi t ion t o  considering the morphology of substorm related TIDs,  
t h i s  work has a l s o  invest igated the  problem of the  e f f e c t  of atmospheric 
disturbances on loca l  ionizat ion.  The r e s u l t s  have included a general 
treatment of t h e  per turbat ion i n  photoionization, an inclusion of t he  
e f f e c t s  of a per turbat ion i n  the  plasma diffusion i n  the numerical r e s u l t s  
and an i l l u s t r a t i o n  of the importance of doing t h i s ,  The models used i n  
performing the  ca lcu la t ions  r e l a t ed  t o  the coupling between the d is tur -  
bance and the ionizat ion su f fe r  from a number of ser ious l imi ta t ions .  
However, it is f e l t  t ha t  the approach used allows some useful  r e s u l t s  t o  
be obtained, p a r t i c u l a r l y  when considering the region above t h e  F-layer 
peak, 
There are numerous aspects of the subject  invest igated here which 
a re  worthy of addi t ional  study, I n  pa r t i cu la r ,  there i s  a need f o r  
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addi t iona l  and better dat ready used, Other than such an 
e f f o r t ,  which would beaaefAt a l l  areas  of the subject ,  the  most important 
s ing le  area f o r  fu tu re  work is re1 Led t o  %he subject of the source. The 
following work should be carried out: 
1. 
2 ,  
3, 
4. 
5 .  
6. 
7. 
8, 
A study of t he  source r a d i  t i o n  pa t t e rn  such as  w a s  discussed i n  
Chapter V, 
A comparison of substorm ~ ~ l ~ t e d  TIDs with other phenomena, i n  p a r t i -  
cu l a r  auroral  motions and possibly auroral  infrasonic  waves, 
Any pos i t ive  r e s u l t s  obtained usin the  first two suggestions would 
allow more complete models f o r  the  physics of the source t o  be deve- 
loped, In  any such study the theo re t i ca l  rad ia t ion  pa t t e rn  should 
be determined f o r  comparison w i t h  the r e s u l t s  from (1). 
The theory which has been developed implies t ha t  disturbances should 
be produced a t  conjugate points  during substorms. This  should be 
v e r i f i e d  f o r  a number of individual events ,  
A more realistic model f o r  atmospheric disturbances should be used 
i n  P a r t  II, However, overcoming a l l  the d i f f i c u l t i e s  discussed there 
w i l l  be very d i f f i c u l t .  
A more complete theory for damping should be developed which i s  not 
l i m i t e d  t o  t he  small damping case,  Such a model plus more data would 
allow a more accurate determination of tba rate of damping of the 
atmospheric disturbances, 
Obtaining more data would permit fu r the r  study of the locat ion of 
the source of andividu r to inves t iga te  what para- 
meters, i f  any, a f f e c t  i t s  precise  locat ion,  
If the theory  of the@ ce5 were extended su f f i c i en t ly ,  it 
might be p o w i b l s  t o  f l y  occurring probes of the 
upper alms 
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